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Preface

This quarterly publication provides archival reports on developments in programs
managed by JPL's Office of Telecommunications and Data Acqu:sition (TDA). In space
communications, radio navigation, radio science. and ground-based radio astronomy, it
reports on activities of the Deep Space Network (DSN) and its associated Ground Com-
munications Facility (GCF) in planning, in supporting research and technology. in imple-
mentation, and in operations. Also included is TDA-funded activity at JPL on data and
information systems and reimbursable DSN work performed for other space agencies
through NASA. The preceding work is all performed for NASA's Office of Space Track-
ing and Data Svstems (OSTDS).

In geodynamics. the publication reports on the application of radio interferometry
at microwave frequencies for geodynamic measurements. In the search for extraterrestrial
intelligence (SETI). it reports on implementation and operations for searching the micro-
wave spectrum. The latier two programs are performed for NASA's Office of Space
Science and Applications (OSSA)

Finally. tasks funded under the JPL Director’s Discretionary Fund and the Caltech
President’s Fund which involve the TDA Office are included.

This and each succeeding 1ssue of the TDA Prooress Report will present materiai in
some. but not necessanly all, of the following categories.

OSTDS Tasks:

DSN Advanced Systems
Tracking and Ground-Bas~d Navigation
Communications. Spacecraft-Giound
Station Control and System Technology
Network Data Processing and Productivity
DSN Systems Implementation
Capabilities for New Projects
Networks Consolidation Program
New Initiatives
Network Sustaining
DSN Operations
Network Operations and Operations Support
Mission Interface and Support
TDA Program Management and Analysis
GCF Implemeniation and Operations
Data and Information Systems

OSSA Tasks:

Search for Extraterrestrial Intelligence
Geodynamics
Geodetic Instrument Development
Geodynamic Science

Discretionary Funded Tasks
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A High-Performance Hybrid RF Isolation Amplifier

G. L. Stevens

Communications Systems Research Section

A hgh-performance hyvbrid RF Isolation Amplifier (1so-Amp) has been developod at
JPIL. The circuir exhibus a wuque combination of RE characteristics at performance
levels exceeding those of any commercially available device. Recent inprovements in the
design have resulted w significantly higher reverse isolation, a four-fold increase in band-
width and unproved reliability. These devices are very useful in RF and IF signal condi-
tioners, instrumentation, and signal generation and distribution equipment  These Iso-
Amps should find wide application in future DSN and R&D RF systems.

l. Introduction

In 1976 a two-stage RF amplifier exhibiting very high
reverse 1solation and well-controlled impedance levels was
designed at JPL.Y The crreunt was hybiidized and several hun-
dred of these hybrid lso-Amps were used in JPL R&D systems
mncluding delay-stabilized microwave links for reference fre-
quency distribution and various muluple output distribution
amplifiers.

+ Recently. an additional sixty Iso-Amps were used n an
Allan variance frequency stability analyzer where the high
teverse 1solation of this circuit was needed. Unfortunately, this
group ot devices, built under contract to JPL, had an unac-
ceptably high failure rate. Within the first few months of
operation, four of the sixty hybnd Iso-Amps had catastrophi-
cally failed and others were suspected of internuttent bursts of
noisy operation Failure analysis of these four Iso-Amps indi-

! By J. Ma.Connell in JPU's Communication Systems Research Section.
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cated that the failures were due to poor construction tech-
niques. sloppy component mounting and wire bonding, and
httle or no quality control. A decision was made to replace all
sixty hybnds m the frequency stability analyzer. The replace-
ment parts would have to be built by a firm whose workman-
ship and quality assurance standards were better than those
of the previous suppler.

Prior to mterviewing manufacturers of RF hybnd circutis 1t
wis decided to see it 1t might be possible to extend the RF
performance of the crcuit. The result of this effort was a
modified crcuit with 10 dB higher reverse nolation and
with the upper frequency range extended from 100 MH to
400 MH-.

After interviewing several leading manufacturers of thick-
and thin-him RF amphifiers, a fixed-price contract was let
to a corporation in Flonda to hybndize the modified Iso-
Amp design and produce 300 units. Monitoring of the con-
tractor was provided during the engineering and manufactur-
ing phases by JPL engineering and quality assurance perscnnel.
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Approximately 100 of the new hybrid lso-Amps have been
installed in the frequency stability analyzer and other R&D
systems. No failures have occurred wiih these units and the
improved performance provided by the modified design will
benefit future DSN and R&D systems.

Il. Functional Description and Applications

There are dozens of companies within the U.S. and abroad
which manufacture monolithic and hybnd RF amplifiers.
Hundreds of off-the-shelf devices are available which provide
the RF engineer with a wide selection of easy to use gamn
blocks sporting vartous combinations of gain, bandwidth, noise
figure, input and output standing wave ratio (SWR), and out-
put compression level. Packaging options include flat packs.
dual in-line devices, transistor outline (TO) cans. and connec-
torized modules. Recently. a number of wide bandwidth,
monolithic silicon RF amplifiers have been introduced which
are housed in tiny, 70 mi microwave transistor packages.

With this vast selection of commercially available devices.
why would we want to design another RF amplifier? Could
our requirements be so difterent than those of other RF engi-
neers to justify the expense of designing and hybndizing a
custom part? In what ways does the performance of the
{so-Amp excel over the commercially available parts?

The hybnd Iso-Amp was designed to have the following
characteristics:

(1) Very high reverse isolation (greater than 50 dB at
400 MHz)

(2) Very good input impedance match m 50 ohm sys-
tems (input SWR less than 1.10°1)

(3) Output power level capability of at Jeast +16 dBm
(4) Gan of approximately 7 dB
(5) Wide band operation (0.4 to 400 M}

(6) Single supply voltage operation with low power con-
sumption (+15V at 45 mA).

(7) Easily inserted package for 50 ohm microstrip systems

(8) Exceptional RF performance at a moderate cost

High reverse 1solation and accurate nput impedance con-
trol were the primary Iso-Amp design goals. Wide bandwidth,
large signal handling capability, single supply operation with
low power dissipation, and moderate cost extend the useful-
ness of the part to a broad spectrum of applications.

Reverse 1solation 15 a term describing the reverse transmis-
sion loss through a device. It is a measure of the “reversc
leakage” of a signal apphied at the output ol the device and
measured at 1ts input. Although the RF designer 1s normally
concerned with signals flowing unidirectionally from inputs
toward outpus, there are numerous RF design situations
requining amplifiers which can effectively block those “wrong
way' signals

Multiple-output distribution amplifiers {DAs) accept 4
single RF or I¥ input which is amphfied and then split to pro-
vide several 1dentical outputs. These devices are used in situ-
ations where there are multiple users of a single signal. DAs
are used, for example. in DSN trac' ing stations to supply
reference frequency signals (ornginating n a single atomic
frequency standard) to many separate pieces of equipment
and systems. It 1s very desirable for the DA to have high
1solation between 1ts output ports. This will 1nsure clean.
stable outputs on all ports even if one output 1s corrupted by
an unstable termunating mmped.nce, or by signals or nome
emanating from poorly designed or faulty equipment. An Iso-
An.p placed 1n series with each of the DA’s outputs will pro-
vide very high 1solation between these ports.

Another application which sometunes requires high reverse
isolation 1s in recetver or instrumentation IF strips. Local oscil-
lator leakage through a mixer may contaminate the preceding
RF or IF stages, adversely affecting other users of that signal.
An Iso-Amp placed ahead of the mixer wil block the LO
leakage and maintain the punty of the input signal.

The use of high-isolation buffers is often necessary where
RF signals must enter an exceptionally nowsy environment. An
example of this occurs in frequency-multiplying phase locked
loops. where a sample of the voltage controlled osculator’s
(VCO's) output signal musi be supplied to a digital frequency
counter. Switching transients and noise from the digital logic
will not only add to the output of the VCO but may modu-
late the signal as well. This spectral contamnation can be
avoided by isolating the output of the VCO from the noisy
digital crreuitry.

Accurately controlled input impedance was also an impor-
tant design goal in the development of the hybrid Iso-Amp.
The Iso-Amp was designed to operate in S0 ohm systems and
its input provides an exceptionally good termunating imped-
ance over a wide bandwidth. This characteristic is useful when
working with devices whose RF performance 1s sensitive to
impedance levels, such as mixers, reactive filters, equalizers,
directional couplers, power splitters, bridges, and transimission
lines.
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The versatility of the hybrid Iso-Amp stems from its unique
combination of RF characteristics. There are, of course,
alternate solutions to design problems requiring high isolation,
excellent 1mpedance matching, and high output level
capability.

High reverse isolation can be achieved by using a cascade of
several general purpose RF amplifiers with snitable interstage
pads to control the overall gain. Care must be exercised during
the design to insure an acceptable noise figure and dynamic
cange. With proper design, packaging, and construction, high
isolation will be realized from the chain of devices. Compared
to using a single device, the concatenation will occupy more
board space and require more construction time. It will likely
consume more power from DC power supplies, dissipate more
heat, and have a higher overall parts cost.

Applications requiring a broadband RFF amplifier with low
input SWR can be satisfied by placing a fixed pad between the
signal source and a high-SWR amplifier. If the required mput
SWR is very low, the pad's value may be large. The overall
noise figure of the pad/amplifier combination 1s increased by
the pad’s value, and similarly, the gain is reduced by that
amount. An additional stage of gain may be necessary to com-
pensate for the lossy, impedance-matching pad. Again. the
costs of using this approach include higher circuit complexity
and increased design effort.

lil. Circuit Description

A schematic diagram of the modified Iso-Amp circuit is
shown in Figure 1. The circuit employs two complementary
stages to achieve its high reverse isolation, good impedance
matching, and large signal handling capability. Recent modi-
fications to the circuit include.

(1) Frequeacy compensation (resulting in quadrupled
bandwidth)

(2) Better transistors (resulting in higher reverse isolation
and improved reliability)

(3) Changes 1n the output biasing (to eliminate a possible
source of noise)

(4) Additional power supply decoupling (for improved
isolation)

The input stage was designed to provide a good impedance
match in 50 ohm systems and to exhibit very high reverse
polation. A pair of bipolar microwave trunsistors are con-
nected in a common-base, complemeniary circuit. The input
signal is fed through a 44 ohm résistor (R1) to both emitters.

»__,__.;,. m‘.fd‘.

With a collector current of 10 mA. the AC impedance looking
into the parallel emitters is 6 ohms. The total input impedance
is

Z, =44t6 = 50 ohms

DC bias voltages for the input transistor bases are derived
from the voltage divider consisting of R3 through R6. The col-
lector current of 10 mA 1s then established by the ematter
resistors (R7 and R&) of 150 ohms each. R9 is the collector
load resistor for the first stage. The total AC load presented to
the first stage is the parallel combination of this resistor and
the input impedance ot the output amplifier. The net coilector
load 1mpedance is 40 ohms and the common-base configura-
tion of the circuit establishes a current gain of unity. This
results in a voltage gain of approximately 0.8 (or about -2 dB)
for the input stage.

PNP and NPN transistors are used in complementary con-
figurations 1n both stages of the Iso-Amp. This allows the Iso-
Amp to handle large RF signals with good linearity while con-
suming a modest current from its power supply.

The output structure developed for the Iso-Amp is best
described by using separate DC and AC models.

In terms of DC biasing, transistor Q3 and its associated
circuitry operate as a current source. Resistors R11 and R12
form a voltage divider across the supply voltage. holding Q3's
base at about +11.5 volts. Approxunately 2.75 volts appear
across the series combination of R16 (68 ohms) and R17
(20 ohms) resulting in an emitter (and collector) current of
31 mA. This DC bias current is fed to the collector circuit of
transistor Q4.

Approximately S mA of this current are diverted through
the resistive divider consisting of R13 (390 ohms), RI14
(820 ohms), and R15 (300 ohms). The DC voitage seen by the
base of Q4 is preportional to the voltage appearing on 1ts col-
lector. In operation, the voltage at Qd’s collector will nse to a
level sufficiently high that its base voltage overcomes the base-
emitter drop of 0.8 volts. At this point Q4's increasing con-
duction slows the nise of collector voltage. Bias equilibrium is
attained when the collector voltage reaches +7.5 volts. This
crreuit creates a “stff” voltage source and the final collector
voltage is quite insensitive to btas current changes.

The biasing arrangement of the output stage is, then, a
current source driving a voltage source. Thiy leads to a very
stable DC operating point for the transistors. Collector ¢urrent
and collector voltage are independently controlled with this
arrangement and each is accurately maintained over normal
variations of power supply voltage and temperature,

Y
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Consider the AC model of the output stage. The two tran-
sistors operate in parallel. Examination of the schematic
reveals that. for AC signals. both transistor bases are tied
together. as are the emitters and collectors. The output siage
can therefore be analyzed as if 1t were a sigle transistor am-
plifier employing emitter legeneration and collector voltage
feedback. The voltage gain of this stage is given by

_RC
4, = R
€
where
R_ = the collector load impedance
and
R, = the total emitter impedance

The input impedarnce of this stage is

P
T 1+ 4
v
where
Rf = the unbypassed feedback resistance
and
A, = the voltage gamn of the stage

With the component values shown n Fig. 1. the second
stage mput ampedance is 68 ohms (including the loading
caused by bras resistors) and its gain 15 approxunately
-2.8V,V, orydB.

The net gain of the complete. two stage 1so-Amp 15

-2dB+9dB = +7dB

¢ 'so-Amp

IV. Breadboard Activities

Several changes in the lso-Amp design were mtroduced
during the recent modifications which resulted n improved
RF performance. A number of breadboard circuits were built
and tested during this activity. The first breadboards were
built on copper-clad substrates using leaded components, Com-
ponent leads und interconnecting wires were kept as short as
possible to minimize signal radiation and parasitic inductance.

Once a candidate design was obtained. 1t was clear that 4
better breadboarding technique would have to be employed
during the final circuit 1etinements and RF performance ven
fication. The deleterious effects of component leaad. and the
layout restrictions 1mposed by using packaged devices werc
clearly affecting the circuit’s RF performance . - uencie:
heyond about 250 MHz. A better breadb o « 1que
was also desired to simplify replication of Cooose -l
identical breadboards had to be built and -
the repeatability of tire design’s RF perform

e

A two-sided printed circuit board was designed to, he final
breadboarding activities. Chip capacitors, 1/8 watt carbon
composition resistors. and microwave transistors were surface
mounted on the 4.0 X 2.8 cm (1.6 X 1.1 1nch) boards. Plated
through holes provide low inductance connections to the solid
ground plane on the back of the boards. Several of these final
breadboards were built and tested. contirnung the repeatabil-
ity of the modified design’s RF performance. One of these
breadbourds 1s shown 1n Fig. 2.

V. Hybrid Circuit Implementation

The anternal circuitry of one of the new hybnd Iso-Amps
15 shown 1n Fig. 3. The metal cap which would normally be
welded 1n place over the curcurtry was left off of thys sample
part. A 12-lead. circular TO-& hybnid package measuring
1.52 ¢m (0.600 inch) in diameter provides the hermetically
sealed environment for the thick film circuit.

All crreurt elements within the hybrd circuit are either
printed on or mounted on an alumina substrate measuring
approxmnately 0.91 X 0.91 X 0.038 cm (0.36 X 0.36 X 0.013
inch). Inttial processing of the substrates 1s performed on
arrays of 9 or more substrates. Conductive cireutt traces are
added by the thick film process wherein gold-bearing ink 1s
screencd onto the substrate atrays m a pattern matching the
desired metalization.  Volatile solvents are subsequently
removed 1n a drying process. The arrays are then tired at high
temperature in an tert atmosphere, tusmg the gold alloy
conductors to the alumina substrates.

Thirteen of the nineteen resistors i the cireunt are thick
fum and the balance are thin film devices. The thick film
resistors are printed on the arrays with resistive inks. The ends
of euch resistor overlay the edges of conductors estublishing
the circutt connections. The substrate arrays are again dried
and fired in a process simular to the one used tor the circurt
conductors. Enitial resistance values are intentionally made
slightly lower than desired since the thick film resistors are
subsequently laser trimmed to their tinal values,

Y o S e - -
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Chip capacitors. thin film resistor networks. and transistor
dice are bonded (o the substrate urrays with electrically
conductive epoxy lhe arrays are separated mnto mdividual

substrates which are then bonded to the metal headers of

the hybrnid packages. Additional circunt  conaections  are
auded with gold wirebonding. Due to the very small wirebond
pads on the microwave transistors. 0.001s cm (0.0007 mnch)
dismeter gold bond wire 15 used to make base and emitter
connectuons on all transistors. Other wirebonding, mcluding
connections to the header’s base and pins. 15 pertormed with
00025 ¢cm (000! inciv) diameter gold wire.

Following wspection and il electrical testing. the
hybrid cireunts enter uan oxygen tree environment where
the metal covers are electrically welded to the headers. her-
metically sealing the integrated cireunt. Final electrical testing
and case labeling ure the lust steps in the manutacturing
process.

VI. Electrical Performance

Tuble | shows the typical RF performance of the hybnd
Iso-Amps. Ditterences between the breadboard and hybnd
Lo-Amps are msignificant witt the notuble exception of the
reverse wolation. The reverse 1sclation ot thie hybrds 1 typ-
teatly taree or tour dB lower than the perfornmance obtamned
wite- the breadboard cireunts. This may be due 1o shehtly
better grounding 1n the breadboards or 1t may be o conse-
quence ot shrinking the size ot the circult to 4 tenth of a
square inch und mounting 1t m g package whose mput and
output prns are separated by only 1.0 «m (0 4 mnch). A stray
coupling capacnty ot only 0.05 prcotarads between the RF
nput and output pins would. m tact, hint the device's polu-
ton to abuui 62 dB at 100 MHz (4 typieal value tor these
hy brid Iso-Amnps).

The two port scattering parameters ot a typical hybnd
Iso-Amp ure given in Table 2.

VIl. Applications Considerations

Since the hybnd bo-Amp was designed 1o operate with
relatively low power consumption, heat sinking 1s generally

not a problem. In most appheations the hybrid 1s soldered
Into a miccostrip cireut board. with the base (header) of the
cireutt o ntimate contact with a copper clad around plane.
This mounung contiguration provides adequate heat sinking
tor the circunt without resorting to metal clamps or special
heat sinks sometimes required with higher dissipation devices.
Thermal resistunce at the caserground plane junction can be
further reduced by adding a small umount ot heat sink grease
at this point when mounting the cireurt. This precaution pro-
tects the lso-Amps when they are operated in high tempera-
ture environments.

Some applications require higher reverse polation than a
single Iso-Amp can supply. Simply cascading o pair of these
devices on a mucrostrp poard does not double the reverse
1solation. Signal leakage between output and mput microstrip
traces lumts the wolation. Imoerfect groundmy and msuttr-
clent power supply decoupling can also adversely affect the
cascade’s ultimate  polaton Caretul  design. layout. und
shieldimg can. however, yield Lso-Amp cascades with very
high 1solation.

Shown i kg 4 15 an polation amplitier module developed
tor the Allan Varance Frequency Stability Analyzer. Con-
tamed within thys module are two independent cascades con-
sisting of 4 concatenated patr ot the hybrids with an interstage
pad to control the overall gamn. Ciretul attention to grounding,
power supply decoup’ ag and sheelding (ndduding bery lhum-
copper nnger stock shields) was nzeessury to achieve reverse
Isolations i excess ot 110 dB at 100 MH».

VIll. Conclusion

The hybrid RE wsolation amphitier described in this article
exhibits 4 unique combination ot RE charactenstics in g single
eddy to use package. This circunt provides an economical solu-
ton to many RE design problems requinng high reverse sola-
tion good mipedance matchimg and hugh vutput level capabil-
sty. Usetul over a frequency range spanning ten octaves, these
hybnid amplitiers should tind wide apphication n tuture DSN
and R&D RE systems.
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Table 1. Hybrid lso-Amp tynical RF performance

Gain 7dB
Frequency Response Flat to within 0 5 dB trom 2 0 to
to 350 MHe

-10dBatl 3 and 400 MHz

-1.0 dB at 0 4 MHz with external
0.1 microfurad bypass cap. citor
trom pin 9 to ground

Reverse Isolation 85 dB at 3 MH:
62dBat 100 MHz
51 dB at 400 MH:

Input SWR Less than 1.1 trom 3 to 400 MH7
Output SWR Less than 1 75 trom 3 to 100 MHz

1 dB Qutput Compressicn Level  Greater than +16 dBm

Third Order Intercept Point +27 dBm
Nuise Fgure 12.5dB
DC Power +15 Vat45 mA

(Dissipation 675 mW)

Package 1.52 ¢m (0.6 in.) diumeter, 12 lead,
hermetic TO-8

Table 2. Typical hybrid iso-Amp scattering parameters

Frequency, Input Return (S11) Forward Gain (S21) Reverse [solation (812) Qutput Return (S22
MH, dB Angle dB Angle dB Angle dB Angle
3 =280 -138 706 -176 -87.3 16 =276 145
20 -30.6 -178 7.00 175 =760 S8 -21.8 -142
100 =311 146 729 155 €24 69 -175 -133
200 =310 117 T 56 129 -56 62 -125 -15¢
300 -30.2 Y6 746 100 ~54.4 53 -103 178
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NOTES:

NUMBCRS IN PARENTHESES ARE PACK AGE PIN NUMBERS

CAPACITOR VALUES ARE IN MICROFARADS UNLESS OTHERWISE NOTED
PNP TRANSISTORS ARE TYPE NEC 88900 (CHIP)

NPN TRANSISTORS ARE TYPE NEC 02100 (CHIP)

HYERID PACKAGE 1S 1,52 cm (0,600 inch) DIAMETER, 12 LEAD, HERMETIC T0-8

GROUND = PINS 1,3,4,5,6,7,10,12, AND CASE

ALL HYBRID GROUND PINS SHOULD BE CONMNECTED TO GROUND PLANE

Fig. 1. RF iso-Amp schematic diagram

Fig. 2. RF Iso-Amp breadboard
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Fig. 4. Isolation Amplitier module for the Allan Variance Frequency Stability Analyzer
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Optimization of Antenna Structure Design

R Levy

Ground Antenna and Facilities Engineering Section

Opnmality criteria design 15 applied for large antenna structures with multiple con-
straints on nucrowave performance  The constraints are on accuracy of the structure.
restrictions on the microwave pathlength crror, and the antenna pointing crror The
examples given show convergence to low-weight feasible designs that satisfr the con-
stramnts  Truss-member sizes are automatically selected from tables of commercially
wrailable structural shapes. and approximations resulting from the method of sclection are
Jound moderate The mulnple constraint design is shown to be more ¢effective m meet-
g constraints than the old envelope method. For practical structures, the new design

method can be performed within reasonuble core size and computation time.

I. Introduction

Structure design optimization theory and its apphication to
a number of ¢lassical or academic problems have been described
in the past two decades (145 Consequently. there are now
theoretical design approaches to obtain low-weight structure
destgns that satisty a variety of constiaints on structure per-
tormance and safety. In particular, design approaches that use
optimality cniteria (Refs. 1, 6.°7, 10, and 15) are feasible for
the design of structures with large numbers ot degrees of
freedom and/or design anables

This article describes a specific application of the opti-
mality criteria method to design structures that satisties con-
straints on compliance. member tension, and buckling stresses.
The model contains several thousand members and degrees of
freedom and tens to hundreds of design variables. substantially

more than encountered in design optinnzation models described
n research literature The emphasts here s on the design of a
mictowave antenna bachup structure for which the devgn

variables are the areas of the touss rtod members o1 the thick-
nesses of membrane plates  Microwave performance con-
straints himit (4) the root-mean-square of microwave path-
length deviations from a swifuce thatis a best fitting alternative
to the oniginally specified surtace and (b) the antenna boresight
pomting error. These constrants are functions of the dis-
placements of the nodes of the structure that support reflec-
tive surtace panels and must be satistied tor gravity and wind-
pressure loadings at specified operational wind speeds. Stress
and buckling constraints for gravity and operational wind-
speed loadings tend to be benign, but can become significant
at higher wind-speed survival conditions. or at other nonopeta-
tional environmental conditions.
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The following discussions provide a briet review of the
optimality criterta mc  od and the pathlength ¢iror constraint.
A new method that formulates pomting citor constidints 1s
introduced. A practical selection of structural members from
tables of commercially available shapes 1s also described.
Results from trial designs are given for the new 34-m (112-f1)
diameter ground DSN antenna shown i Fig. 1. Histories of
the design progress and comparisons of the effictencies between
the sumple sequentia]l envelope method designs and new
designs that treat muluple constraints simultaneously are
given. Another example compares the selection of design
variables from commercial shape tables with the truditional
assumption of a continuous spectrum of shapes,

il. Problem Formulation

Large ground antennas are essentially membrane-type struc-
tures 1n which e finite elements are rods (major) and plates
(minor). Consequently. only the three translational degrees of
frieedom tor displacements and forces at the structure nodes
are needed. For brevity . only rd element areas (design varna-
bles) with 1dentical material properties are discussed. The
extensions to include the thicknesses of ncmbrane plates as
additional types of design variables and to treat members of
different materials are straightforward (Refs. 7. 11, and 13).

A. Optimality Criteria Method

A briet tormulation 1s provided tor background. Further
details, variations. and ynplementation strategies dare avalable
in the hterature (Ref. 1.7, 10. 13, and 15)

The key components of an optimization problem formula-
tion are the objective tunction and the constramnts. Here. the
design objective 18 to munimize structure weight, or equiva-
lently. volume, given as

N

)= E La, (1)

-1

in which a, 1y the crosssectional area. L, 1s the length. and 715
the index within a set ot .V design variables. Primary constrant
equations are expressed as

N oOF L

:2: bt _cx g e

('/ 2 C, S0 j=1, K (M
-1

In Eq. (2). F, 15 a sensitvaty coetticient such that the virtual
work of the ith design variable for the sth constraint 1s
F,'/I,,./a,. When the design variable group consists of only a
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s'ngle member. the sensitivit, coefficient 1s the product of the
stress resultant (bar force) for a specified external loading
and the stress resultant tor an associated virtual (dummy)
loading divided by Young’s modulus. When the group contains
more than one member, the length-weighted average product &
used to compute the coefficient, and the length assigned to the
group 1s the total length of members. C'l* 15 a prespecified
bound on the virtual work. In particular, when the displace-
ment in a particular directien at 4 giv @ node is the constraint.
then C!* 1s that displacement boupu and the virtual load 1s 4
umt load applied at that node and in that direction. Stress
constraints for rod members can be converted to extension
constraints. and the virtual loading vector consists of a pair of
colinear self-equilibrating loads applied at the terminal nodes
of the member. Antenna pathlength or pointing error con-
straint virtual loadings consist of particular vectors with com-
ponents at all nodes that support surface panels.

Secondary
unposed ds

constraints on the design variables can be

a <qg <ag  i=1,--.N (3)

in which @, and a, are either user-established lower and upper
bounds on the design variable a, or dynamic adjustments con-
structed by algorithm. A possible replacement for a primary
stress constramt 1s 4 lower bound side constraint developed by
the stress ratio method. The replacement could produce sigmft-
ivant computational savings and 1s valid for members that are
not strongly affected by structural redundancy.

Equation (2) can be written as
G =C-~-C* (4)
] ;T

where (‘/ 15 the realized value of the virtual work tor the jth

constraint and is given by the summation term of Eq. (2).

It 15 usetul to define a constraint ratio, D/‘ tfor which values
greater than unity indicate an unsatisfied constraint. This can
be computed as

D/ = CI/C/* (5)

The optimality criteria tfor the design vanables for this problem
are

K
af=ZFUA,, j=1. K (0)
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In which the A are nonnegative Lagrangian multipliers to be
determined from solution of the following auxiliary problem.

AG =0 j=1 K (7)

Strategies for solution of Eq. (7). typically either by Newton’s
method or a recursive approximation, have been discussed
elsewhere (Rets. 5, 6. 10, and 15).

The sensitvity coefficients. £, . are assumed to be indepen-
dent of the design vanables, but structural redundancy weakens
this assumption, so that the design must be approached
iteratively through a number of cycles in which the sensitivity
coefficients are recomputed. In the case of antenna gravity
loading. the loads are a function of the design vanables, which
reinforces the need for iterative deugn. “Move™ limits are
often imposed upon the relative changes 1n design vanables
between adjacent cycles in an attempt to control the effects
of redundancy or loading changes These are invoked by
adjustments to the upper and lower bounds on design vana-
bles as expressed m Eq (3).

B. Antenna Pathlength Constraints

Microwave pathlength errors are determined trom the
onginal geometry of the surface and the deflection vectors of
the surface nodes. Figure 2 shows the surtace geometry rela-
tionships. The solid line through the antenna vertex represents
the orniginal 1deai paraboloidal surface. und the broken line
represents the deflected surface. The microwave pathlength is
defined as the distance from the aperture plane to the surface
plus the distance from the surface (after retlection) to the
tocal point and 1s shown by line BCP. In the figure. GD 15 the
deflection vector and dn 1s the component of the deflection
vector normal to the surface. It can be shown (Ret. 17) that
the half-pathlength error R 15 given by

R = (BCP - ADP)2 = y_dn (8)

where vy, 15 the direction cosine of the surtace normal with
respect to the focal (Z) axis.

In practice, the pathlength errors are computed from an
alternative paraboloid that best fits the deflected surface. The
best-fitting paraboloid is defined by at most six parameters,
1.¢., there are three independent shifts of the vertex parallel to
the Cartesian X, Y. or Z coordinate axes. one relative change
in focal length. and two independent rotations. one about the
X (parallel to elevation) axis and the other about the Y (yaw)
axis. Then the vector of pathlength errors R with respect to
the best-fitting surtace cun be computed as follows:

R=Aut+Bh 9)

i pramganran oty -

i which u ts an external loading displacement vector tor the
nodes that support surface panels and the components of u are
aligned parallel with the Cartesian axes. h is the vector of fit-
ting parameters. and A and B are mnvariant matrices that con-
tain the geometric relations to transform u and h as required
by Eq (8). Equation (9) 1s used as the basis of a least squares
analysis (Ref. 17) to denive h. In particular. we find

h = Hu (10)

in which H is again an invariant matrix denived from A and B
and is equal to

H=-(B"WB) 'B"WA (11)

where W 1s a diagonal matrix of weighting factors usually
taken to be proportional to the aperture ares tnibutary to each
surface node.

It has been shown (Ref. 8) for a pathlength error constraint
that the virtual loading vector consists ot loads directed normal
to the antenna surface at each node that supports surface
panels. The magmtudes of the loads are y* dn. where dn is
with respect to the best-fit paraboloid. When this loading is
employed, the realized virtual work will become the sum of
squares of half-pathlength errors and will be 1dentical to
the eiror computed by the usual geomietric analysts of the
detlecuions.

It 1s common to refer to the “mms error™ of a paraboloidal
anitenna by the root-mean-square halt-pathlength error from
the best-fitting pataboloid. This 1s derived from the weghted
sums of squares and the sums of the weighting factors.

In the cases of gravity loading. the pathlength errors at
particuiar antenna elevation angles are computed for the dif-
‘erence In loading between that elevation and the “rigging”
angle clevation. The “nigging” angie 1s the angle at which the
panels are ahigned in the field as accurately as possible to the
ideal surface. Also, a single gravity loading can be constructed
to define an appropnate constraint to represent either the
maximum or a weighted average rms antenna pathlength error
over the range of elevations from horizon to zenith, For either
of these choices, there 15 an implicit computer algorithm
(Ref. 9) to determne the rigging angle. Figure 3 illustrates
different pathlength error distribution curves from horizon to
cenith for different choices of rigging angle.

C. Antenna Pointing Constraints

Five inaependent additive components that contribute to
the antenna boresight pointing error can be der: ed from geo-
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metric optics theory (Ref. 12) for Cassegrain antennas. Defini-
tions of the associated terms and the computational relation-
chips are contained within Table 1. The first two rows of
mult: ving factors in the table apply to parameters of the
best-fit paraboloid that can be extracted from the vector h
that was defined in conjunction with Egs. (9) and (10). How-
ever, as seen from Eq. (10), the inner product of each row of
H with the displacement vector for external loading provides
the corresponding term of h, Therefore, the virtual loading 1s
derived from the appropriate rows of H multiplied by the
factors of the table. As H 1s invanant, 1t needs to be computed
only once for each structure, and 1t apples to all pointing
constraints.

The virtual loads for the remaining pointing error contribu-
tions, which are in the last three rows of the table, are con-
structed from loads placed at the nodes that define the rota-
tion and translations of subreflector and feed. The magnitudes
of these loads are the tabulated factors times the coefficients
of the equation used to define the rotation or translation. For
example, 1f the feed translation is defined as the average dis-
placement . two particular nodes n. say. the Y coordinate
direction. the virtual loading consists of loads n the Y direc-
tion at these two nodes with magnitudes of 0.5 times the
factor k/(mf). Furthermore, 1f part of the pointing error is
correctable by feedback from a sensor or encoder, subtractive
virtual loading components can be included so that virtual
work derived from this vector will provide the net pointing
error. The virtual loading vector for each constraint 1s the
union of the components constructed for each contribution to
the pointing error.

lll. Candidate Design Variables

The selection of structural members 1s usually restricted to
a discrete set of commercially available cross-sectional shapes.
Nevertheless, the optimality criterie (Eq. 6) assume a contin-
uous spectrum for seiection of design varnables; consequently,
a nigorous approach would employ a different design method
(Refs. 2 and 16) to deal with the discrete spectrum. The
approach used here, however, is to perform the design first tor
a continuous spectrum and then choose the nearest available
size that alsc meets lower bound stress side constraints. This
approach could theoretically lead to a nonoptimal selection,
but if the available shapes provide a well-graduated set of
properties without significant gaps, the departures from the
optimal selection sheuld become insignificant.

Tigure 4 1s a sample from one of several tables constructed
for design within the JPL-IDEAS computer program. This par-
ticular table contains ptpe and round-tube customary shapes.
Since these tables are assembled from local warehouse stock
lists, the data is in customary U.S. units. Under the heading
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HANDBOOK SHAPE, there 1s an abbreviated description of
the section. For example, entry number 2 is a 1-in. (25.4-mm)
schedule 10 pipe with 1.315-in (43.9-mm) outside diamcter
and 0.109-in. (2.7-mm) wall thickness. The cross-sectiona! area
and radius of gyration are tabulated under the headings
AREA and RAD. The load table ¢ontains allowable compres-
sion loads 1n kips (4,448 N) for the span lengths listed at the
top. These loads are based upon the buckling stress formulas
for ASTM A-30 steel in the ASCE design guide (Ref. 4). The
design tension stress is also based upon the design guide. but
the allowable loading can be reduced by a percentage to cor-
rect for reduced cross sections at connected ends.

The table is used to set the lower bound side constraint for
compressive loads by using member length, maximum load for
all loading cases, and the buckling stress formula. The nearest
shorter-span-length column 1s searched for the first section
with a larger allowable load, and the buckling formula is
applied to deteruune the allowable load using the member
length with the area and radus of gyration ot the identified
section. If the section is found to be inadequate, the section 1n
the next lower row of the table 1s tested until an adequate
shape 1s found. The shapes are listed in the table in the order
of increasing area so that the search finds the lightest member
to carry the load. Allowable loads tabulated as zero indicate
that the slenderness ratio for that entry would be greater
than an arbitrary himit of 200. The table is also used in each
cycle after execution of the design algorithm to tind the shape
consistent with the iower bound side constraint that is closest
in area to the one determined by optimality criteria.

IV. Example Applications

Structure models for the 34-m antenna examples that fol-
low are extracted from design studies of NASA DSN antennac
(Fig. 1) scheduled to be installed in California and Austraha in
1985. Design optimization will be described only for the tip-
ping structure, which consists of quadripod. reflector backup
structure, and elevation wheel. Design of the alidade, which
supports the tipping structure at the elevation bearings and at
the elevation-wheel pinton. is relatively simpler and is not
described here.

The tipping structure analytical model contains approxi-
mately 1145 nodes. 3400 unconstrained displacement degrees
of freedom, 3900 rod members, and 90 membrane plates, and
is redundant to about the 500th degree. The quadripod con-
tains about 200 nodes and consists of four towerlike legs
connected to an apex structure that supports the subreflector.
The backup structure (Fig. 5) consists of 24 main and 24 second-
ary radial rib trusses, 12 circumferential hoop trusses, and
other bracing. Parasitic reflective surface panels that support
only their own weights and local surface loads are attached to
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450 front nodes of the rib trusses. Eight of the main nb
trusses are connected to and are supported by an octagonal
trame of the elevation-wheel structure

The elevation wheel (Fig. 6) contatns about 50 nodes,
provides the transition from backup structure to alidade. and
supports the elevation-wheel bull gear. Backup structure and
elevation-wheel structures are redundantly connected at eight
pomts. which complicates their design. Design of the quadri-
pod members 1s less affected by redundant couphng. Indvidual
bar and plate member elements are grouped for fabricational
convenience into 190 distinct design variable groups.

A. Design for Performance Constraints

Simultaneous rms pathlength and pointing error constraints
are imposed for gravity and wind loadings. The antenra rigging
angle 1s established to make the pathlength errors for gravity
loading equal at horizon and zenith antenna elevations.

The design example here 1s subjected to the nine pathlength
and pomting error constraints histed tn Table 2. These nine
constraints are known to be the most demanding for this
model. No prunary stress constraints are imposed: all stress
requirements are treated as side constraints with minimum
sizes established. as described previously. from commercial
shape tahles.

Although the performance constraints are specified tor
operational wind speeds of 13.4 m/s (30 mph), the structure
must withstand wind speeds of 31.2 m/s (70 mph) at any
orientation and 44.7 m/s (100 mph) when stowed at the zemth
elevation. To satisfy these requirements. the wind-pressure
loadings applied for design are at the higher wind speeds. and
the allowable value for the constraint is increased accordingly.

The computer run was linuted to six analysis cycles and five
design cycles. Figure 7(a)shows the cyclic progression histories
of structure werght and of the most severe constraint ratio.
Note that the designs at cycles 1, 2, and 4 are not feasible
because of constraint ratios greater than umty. Nevertheless,
the discrepancy at cycle 4 between actual and predicted con-
straint ratios indicates that the design procedure operated
correctly in cycle 3 by developing a design with a predicted
constraint ratio of unity. Unfortunately, the effect of struc-
tural redundancy produces the unanticipated response in
cycle 4. The move limit used to control redundancy 1s equal to
1.5, which requires each design variable to be at least 2/3 and
not more than 3/2 of its value in the prior cycle. A smaller
move limit could have overcome part of the excessive con-
straint ratio at cycle 4, but would have caused additional
problems at cycle 2. The predicted constraint ratio here is
greater than unity because the move himit activated a sufficient

number of side constraints to prevent the tree choices of the
design variables necessary to satisfy the optunality critera.

Figures 7(b) and (c¢) show the cyche constraint ratio histo-
ries for the four pathlength error constraints and for the five
pownting error constraints. These figures show the dichotomy
of pomnting and pathlength error performance. One example of
this is seen it cycle 4. where the gravity pathlength error con-
stramnt 1s exceeded although the pointing error constramnt 1s
satisfied. Another example ts the 0° elevation. 120° yaw wind-
loading case. the pointing error constraint 1s always active, and
yet. except tor the tirst cycle. the pathlength error constrant
never s Nevertheless, the design 1n Fig. 7 1s successful because
there was nu mcredse 1n structure weight from the first to the
sinth design oyole. ana all nine excessive constraint ratios at
the tirst ey cle became feasible at the sixth.

A more erratic design history 1s shown in Fig. 8. The struc-
ture model 1s analogous to but shightly larger than the previous
and has two more constraints The eftect ot redundancy 1s
emphasized by the relatively large move limit of 2.0. This is
assumed to be responsible for the significant constraint viola-
tions at oycles 20 3. 5. und 6 since the predicted constraint
rattos. which were close to unmity at cycles 3 through 6. indi-
cate suceesstul execution of the design procedure In particular.
the design at cycle 4, which 15 159 highter than the inttial. 15
. .<ble because the large imtial constraint ratio has been
reduced 1o unty

B. Discrete Versus Continuous Design Variables

A design that chooses the nearest avatlable discrete shape to
approximate the assumed continuous spectrum for design
variables 1s compared with g desiv based upon a continuous
spectrum. The 16-cycle histories shown in Fig. 9 are for design
of the backup structure of a hypothetical 40-m antenna Sizes
of the design vanigbles for the continuous design case are
determimned by the optimahity criterta whenever the lower
bound side constraint does not control; but whenever stress or
maximum slenderness ratio governs the selection, the appro-
priate discrete sice 1s chosen. The small move limit of 1.25
was used In an attempt to obtain smooth convergence. The
normalized structural weights plotted were obtamned after
feastbility scaling, which consisted of multiplying the structure
weight by the largest constraint ratio for constraint ratios
greater than umty. The figure shows that the small differ-
ences tin weight in the early cycles tend to disappear as the
designs approach convergence.

C. Multipie Constraint Versus Envelope
Method Designs

The last example compares designs obtained by solving for
the Lagrangian multipliers simultaneously to satisfy the mul-
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uple constraint conditions of Eq (7) with the old envelope
method (Refs. 1 and 3). The envelope method uses sequential
explicit decoupled solutions for the Lagrangian multipliers and
applies the optiinality critena to each solution. The final selec-
tion of design variables at each design cycle is the envelope of
maximum values obtained from the decoupled solutions.

The example is for a 34-m antenna tipping structure model
similar to the one described at the beginning of this section,
but with only seven prnimary pathlength and pointing eiror
constraints. The design history 1 Fig. 10(a) shows similar
structural weights achieved for the tfourth through sixth cycles.
Figure 10(b) shows that both methods have overcome signifi-
cant tirst-cycle violations of the first. fourth. and fifth con-
straints and that the two methods appear to be equvalent tor
the third through seventh constraint ratios. But at the sixth
cycle. the envelope method 1s not feasible because of the tirst
and second constramnts, while the multiple constraint method
15 feasible for all seven constraints. Computer run times were
about the same for both methods.

V. Computer Resources

Problem size and storage capacity tor the JPL-IDEAS
computer program Is primarlly mited by the requirement of
keepmg a triangular matrix of maximum wavetront size n
core during stiffpess matrix decomposttion The 34-m antenna
problem has a maximum wavefront of 220 degrees of treedom,
which requires core storage tor about 55.000 36-bit words to
contain the double-precision decomposition triangle and asso-
ciated pointers. Program source code and other storage bring
the total requirement to 110,000 words. The design program
operates on a UNIVAC 1100/81 computer. which can provide
at least twiee this in-core storage. Theretore, problems about
50% larger than this could be processed by the present
program.

One complete design cycle uses 348 central processing unit
(cpu) seconds. Of these. 90 5 are assoctated with the design
problem 83 s are used tor constructing and solving the path-
length and pointing error virtual loading vectors. and the
remaining 7 s are used to determine the Lugrangian multiphiers
and apply the optimality criteria. Furthermore. the 83 s for
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vector processing appears to be excesstve and could be reduced
signtficantly by miprovement of the present program.

One cycle for statics analysis with no provistons tor design
would require 336 5. This time 1s derived by subtracting
the 90 s used for design and adding 78 s used during 4 pre-
amble phase of the program to read and provide mnitial pro-
cessing of mput data. The tollowing times. in c¢pu seconds. are
used for analysts stiffness matnix decomposition, 209: load-
displacement vector processing. 40:stress resultant recovery. 5.
pathlength and pointing error analysis. 4. A total of 2157 ¢cpu
seconds 1s used for the six cycles of Fig. 7.

VI. Summary

the optimality criterta method 1s reviewed for design of
large ground antennas with performance constraints on micro-
wave pathlength errors. The formulation 's extended to in-
clude constraints on antenna boresight pointing errors simul-
taneously with the pathlength constraints.

Examples drawn trom practice show that significant per-
tormance improvements and low structure weight are achieved
within as few as six cycles of computer analysis and redesign.
Furthermore optimization was found not to extend maximum
core size requirements and adds only a moderate increase tn
the cpu time for a design cydle beyond thut of ¢ “standard™
analysts cyele  This implies that computer-automated design
opumization run umes could be less than 10 times that tor 4
single analysis cycle.

A practical method 1s described to automate selection of
structural member design variables from a discrete table of
commercially avatlable structural shapes. An example compari-
son of a discrete shape design with a design that assumed
continuous spectrum shows no major discrepancies for the
approxmmations uf discrete selection,

An example comparison of the older envelope design
method with the present sumultaneous multiple constraint
design method shows that. although the designed structure
welghts are almost the same, the envelope method violates two
of the seven performance constramts.
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upper limtt on ared

prespecified maximum value of constramt

computed value for constramt in current design

constraint rgtio

normal component ot distornion vector
sensttvity coefficient

constraint equation

fength

half-pathlength error

volume

direction cosine ot the surtace

Luagrangian multiplier

Vectors and Matrices

|4

T T w » =

Subseripts

!

displacement vector

vector of hitting parameters

geometric ranstormation matri
geometric transtormation matrix
invarient matris as detimed in by (11

weighting matriy (dagonal)

design variable mdex
constramt index

reterence to the Z axis
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Vertew shift -kt At
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Table 2. Performance constraints
Condition
— t-pathlengtt
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rOOT-Medn-square,
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134 (30) 60 180 U 330(00130) 300
134030y 90 90 .330 (0 0130y 30.0
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HANDBOOK PROFPERTIES FOR PIPES
".'..LOAD T“LE.Q"!'
HANDBOOK
NO, SHAPE AREA  RAD SPAN LENGTHS
25, 50, 75. 100, 125, 150, 175, 200,
1).755TD, 1,05X.113  .,333 330 8.4 4.1 .0 .0 .0 .0 .0 .0
21.0-10, 1,315,109 413 430 11,2 8.3 3.9 .0 .0 .0 .0 .0
3)1,08TD, 1,315X.133 494 420 13,3 9.8 4.4 .0 .0 0 .0 .0
4)1,25-10, 1,66X.109 531 550 15,0 12,4 8,2 4,6 .0 .0 .0 .0
51.5-10,1,90X,109 613  .630 17,7 15,2 12,2 7.0 4.5 .0 .0 .0
611,255TD, 1.66X.140 669 540 18,8 15,5 9.9 5,0 .0 .0 .0 .0
12,0-10, 2,375X,109 776 800 22,9 20,6 17,9 14,2 9.1 6,3 .0 .0
Fig. 4. Excerpt from common member shape table
(a) (b)
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Fig. 5. 34-meter antenna backup structure: (a) surface nodes; (b) repetitive sector
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High Power K_-Band Transmitter for Planetary Radar
and Spacecraft Uplink
A. M. Bhanji, D J Hoppe, R. W. Hartop,

E. W Stone, and W. A. Imbriale

Jer Propulsion Laboratory

D . one and M. Caplan

Varian Associates, Inc

A proposed conceptual design of a 400 kW continuous wave (CW) K -band transmitter
and associated mucro. ¢ components 10 pe used for planctary radar and serve as a proto-
type for future spacecraft uplinks is discussed. Svstem requirements for such a transmit-
ter are presented Performance of the proposed high-power millimeter wave tube, the
gyroklvstron, is discussed Parametcrs of the proposed power amplifier. beam supply,
and monitor and conirol devices arc also prowonted. Microwave transmission line com-
ponents consisting of signal monitorng devices, signal filtering devices, end an overmoded
corrugated feed are discussed. Finallv, an assessment of the state of the art technology to
meet the system requiremoents is given and possible areas of difficulty are summarized

l. Introduction

Due to present user crowding of the S- and X-band micro-
wave spectrums assigned to space exploration and to antici-
pated new user requirements that can be met by higher fre-
quencies. the Jet Propulsion Latoratory has initiated a design
and development program for a next generation K -band
(34 GHz) contiruous-wave (CW} transmitter that will first be
used for planetary radar applications where shorter wave-
length offers increased resolution of targets and improved
ranging capabilities. The technology will be transferable to
uplink communication with future spacecraft. The scientific
value of a K, -band radar can be assessed by breaking the
criteria down mto those that rely on the shorter wavelength
to give new information and those that require greater two-
way antenna gain. The shorter wavelength will be especially

24

valuable in the investigation of Jupiter's moons. the rings of
Saturn, and the detection of rain in the upper atmosphere of
Venus. The number of detectable asteroids mn a ten-yea
span will be enhanced by a factor of 10 due to higher antenna
gain.

The experimental transmutter will be installed on the
64 meter Cassegrain antenna at Goldstone. California (Fig. 1)
(Ref. 1), which is equipped with a rotatable, asymmetric
hyperboloidal subreflector that permits the use of multiple
feed systems at the Cassegrain focus. The subreflector can be
precision indexed to a fixed number of posinons that will
allow each feed to properly illuminate the main reflector
The 64-meter antennas were designed in the early 1960's foi
S-band operation and subsequent modifications have resulted
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in some 60 percent aperture efficiency at 8.5 GHz (Ref. 1).
A block diagram of the existing transmitters and the proposed
K,-band transmtter to be installed on the 64 meter antenna
is shown in Fig 2. To achieve a reasorable antenna efficiency
at the 34 GHz band. an upgrade of the antenna dish structure
and surface panel accuracy 1s required and is part of a planned
implementaticn project to extend the 64-meter diameter dish
to 70 meters and incorporate shaped surfaces. The increased
antenna diameter and shorter wavelength are expected to
provide an antenna gain of 84 dB, and with the proposed
400 kW CW transmitter, the K -band radar system wiil have an
effective radiated power of about 100 trillion watts

Using an assessinent of the state-of-the-art technology. this
article will present a proposed conceptual design and calcu-
lated performances of a 400 kW CW K -band transmitter
including overmoded transmission line components (e.g.
taper. coupler and a mode filter) and an overmoded antenna
feed system.

Il. Transmitter System Requirements

The transmitters for radar astronomy systems differ from
conventional radar systems in that they require a high aver-
age power, rather than high peak power, over the bandwidth
required to handle the transmitted signal (Ref 2) It 15 also
mmportant that these transmitters be coherent in order to
determine the phase relationships of the returned signals. and
they must have very high phase stability if measurements are
to be made over long periods of time The transmitter must
also be capable of modulation by a variety of pulse programs
while maintaining the phase and amplitude fidelity and pulse
to pulse stability required for pulse compression systems incor-
porated 1n the radar.

The performance of a pulse compression system (Ref. 3)
depends upon the transmitter stability, phase response. and
amplitude response to preclude the creation of large time
sidelobes (spurious amplitude responses on either side of the
main compressed signal). By control of these characteristics
and the use of weighting techniques. the compressed pulse
system time sidelobes can be kept below -30 dB. If the trans-
mitter phase pushing 15 not to degrade this level. spurious
sidelobes due to the transmitter alone must be kept below
-40 dB. The sidelobe level (Ref. 3) is given by:

)

SI.=?.Olog'¥ (N

where AP is the peak phase ripple during the transmitter pulse.
For a subsystem time sidelobe level of -40 dB. AP =1.15°.

The requirements for such a radar transmitter are then
(1) High power

{2) Low incidental phase modulation jitter)

(3) Phase stability

(4) Low incidental ampiitude modulation

(5) Amphtude stability

(6) Frequency stability

(7) Bandwidth

(8) Low harmonics

(9) Low noise

(10) Phase moduladon (phase code vulse compression (PN))
(11) Frequency shift keying (FSK)

(12) Linear capability

The above requirements illustrate that high power alone will
not provide the desired CW radar transmitter capabilities.
If this were the case. it might be more easily obtained with an
oscillator instead of an amplifier Besides the appeal of having
dynamic control of amplitude and phase. the appeal for using
an amplifier 1s that it eliminates the need for phase locking
an oscillator to a control signal. The contro} signal itself could.
after amplification. be the transmitted signal

Based on the above requirements. the K -band radar trans-
mutter specifications are given in Table ]

Ill. The Transmitter

As shown in Fig. 3. the transmitter will inuclude an existing
power supply that converts 2400 V. 3 phase, 60 He line volt-
age to direct current at up to 90 kV with a power limitation
of 1.1 MW for the gyroklystron (to be described later) ampli-
fier beam. The frequency synthesizer and the exciter will pro-
vide an input signal to this 400 kW gyroklystron amplifier
which will provide approximately 4 50 dB power gain (goal).
The automated transmitter control will furnish monitoring
and control of all functions, while some 40 protective devices
(interlocks) will prevent damage to equipment by removing
voltage and 1n some cases drive power in ever* »f a malfunc-
tion. The liquid to air 1.5 MW heat exchang. "' be used to
cool the amplifier. the power supply, various auxil: .rnes to the
transmitter. and nucrowave components of the transmission
line

A. High Power Millimeter Amplifier Tube

The gyroklystron is a potential candidate.
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1. Requirements background. The requirements of high
power, high gain, ease of modulation and an output spectium
free from spurious signals and noise mukes a klystron linear
beam tube the natural choice for radar. However, at K -band
frequencies. an examination of commercially available linear
tubes shows there are no conventional klystrons, twystrons.
or TWTs that can meet the specifications given in Table 2
(these spectfications are denved from the K _-band radar trans-
mitter specifications given m Table 1) These conventional
microwave tubes cannot be scaled to 34 GHs (K -band) and
maintain high efficiency and high power because of heat trans-
fer problems in the relatively small electron interaction volume.
The result is that less conventional devices operating in higher
order modes (thus larger in circuit area and dissipation capa-
bility) become attractive. and the usual P = K, 1?2 (Ref. )
scaling condition can be ignored.

The gyrotron (Ref Sy o1 ¢yclotron resonance maser 1s such
4 device. The nteraction mechanism responsible for micro-
wave amplification 1 the so called fastwave device 1s azi-
muthal phase bunching due to the dependence of the electron
cyclotron trequency on the relativistic electron mass and
magnetic coupling to RF tields in the cavity wavegwde close
to cut-off LExperimental research n this field has produced
some exciting und impressive powers and efficiencies (Ret. 6).

However. these oscillators are not suitable for all applica-
nons {(the primary use 1s for plasma heating) because they
are essentially fixed frequency devices There is considerable
interest 1 gyroamplifiers for 1adar systems and satellite
communications

Early gyro-TWT amplitier development was promising but
results did not greatly surpass the performance of conventional
TWTs. The reason was that since the gyro-amplifier has & much
longer interaction region than the gyro-oscillator, the destruc-
tion of phase bunchig due to velocity spread 1n the electron
beam 1s greater. However. improved gun design with a small
velocity spread has led to some significant results High effi-
ciencies (257) have been demonstiated in an expenmental
C-bund gy1oTWT 4t Vanan Associates (Refs. 7 and 8). More
recently., Varan has operated a 94 GHz gyroTWT with a 30 dB
gain, 27 bandwidth. output power larger than 20 kW and an
efficiency of 8%. The mode of operation is Tk, . There 15 also
ongoing work at the Naval Research Luboratory (NRL)
Washington, D C | to develop a wide bandwidth (10°7) gyro-
TWT (Ref. 9).

There continues to be interest in developing a gyroklystion
amplifier conssting of resonant gyro-osallator type cavities
separated by dnft tubes. An experimental gyroklystron s now
being assembled at NRL with the following objectives (Ref
10). frequency 4.5 GHe (the experiment 1s being performed at
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(-band due to the availubihty of a Magnetron Injection Gun
(MIG) surtable for this frequency range), small signai gain
>40 dB: efficiency >35%: output power >100 kW: und a
bandwidth of about 15. Measurements will be made to deter-
mine such charactenstics as efficiency. gain, bandwidth as a
function of magnetic field, and cavity tuming. An earlier
ORNL K -band gyroklystron (Ref. 11) built at Varian did not
meet design goals of power and efficiency and it was recog-
nized that the principal difficulty with the 28 GHz gyrokly-
stron was oscillation n the drift tubes. which were capable of
supporting propogating modes because the buncher cavities
themselves were designed to operate in the overmoded Tk,
mode. However, a gieat deal of practical engineening informa-
tion has been learned from this first gyroklystron work, and
with the inclusion of Vanan's design study of a gyroklystron
for the NASA Lewis Research Center (Ret. 12) and work at
NRL (described above). the gyroklystron appears to be the
natwal chowe for a JPL K -band transmitter that will meet
the tube specifications listed in Table 2 for Iugh gain. high
efficiency. high power, and narrow bandwidth A paper design
of the proposed 34 GHe gyroklystron and 1ts characterization
in terms of efficiency. mstantaneous bandwidth, small signal
and saturated gain, AM und PM sensitivity to operating param-
cters. spectral purity . phase stability and noise figure follows.

2. Paper design of JPL gyroklystron. The overall design
constderations for gyroklystrons resemble 1n many ways the
design procedures for conventional klystron amplifiers, even
though the gain mechanmsm 1nvolves & beam interaction with
cyel tton waves rather than space-charge waves. Caplan
(Ref 13) has shown that the same equivalent circut used for
many years 1n describing klystrons can be used to describe
gyvroklystrons if transadmittance. beam loaded Q's. and beam
reactance are appropriately redefined for a gyroklystron

The hasic design approach is <hown mn Fig 4. A Plerce gun
produces a beam which s injected mto a wiggler fleld to impart
the 1otational energy to a solid beam and then adiabatically
compressed to the cncurt. The circuit consists of 3 buncher
cavities operating 1n the Th )\ mode and an output cavity in
the TL,,, mode A smull. tapered tansition 1s made to
0787 m dameter. at which point there exists a 7-inch-long
mode converter to transform the Tk, circulaily polarized
mode to the Tk, arcularly polarized output mode The
wavegtnde 15 then tapered opumally to the collector region
where the spent beam 1s deposited. The down taper region
then leads to o face-cooled double disc 2.5-inch diameter
window.

The gyroklystion circunt consists of 4 number of ¢ylindn-
cal cavities operating n the transverse electric mode intercon-
nected by cut-off dnft tubes through which the rotating
electron beam passes. As 1n conventional klystrons, the input
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cavities and dnft tubes serve to prebunch the beam while the
actual rf ene:gy interaction occurs in the output cavity. which
in this case is an open 1rregular resonator. Designing a circuit
consists of choosing the cavity lengths. dnft tube lengths, and
cavity Q's such that when an electron beam of desired voltage,
current and rotational energy is made to pass through the cir-
cuit, the required gain, bandwidth and efficiency will be
obtained. while at the same time circuit stability against
spontaneous oscillations 1s maintained.

Because of power handling considerations and mode integ-
nty. the rf power cannot be extracted conventionally through
a coupling nole at right angles to the device, but must travel in
line with the beam through an up taper and collector region

As stated earlier, gyrotron-type devices can operate at high
power and high frequencies; however, this intioduces the prob-
lem of suppressing other unwanted modes in the cavity whose
cutoff frequencies are close to the desired mode. Since the
desired output mode 1n this case is TE,, circularly polarized.
which is the dominant lowest order mode, the choice of this
operating mode for the gyroklystron 1s desirable since 1t rules
out mode competition. However, the requirement of 400 kW
CW at 34 GHz demands « higher order mode in the output
cavity 1f the power densities dissipated on the cavity walls are
to be less than 1 kW/cm? (proven standard heat transfer tech-
nology at this time). Since there is no energy exchange in the
input buncher cavities, these can operate in the TE,,, domi-
nant mode, thus eliminating the problem of unwanted inter-
action in the dnft tubes. One can now have an overmoded
output cavity, provided the symmetry of the output cavity
mode 1s compatible with the bunching pattern imposed on the
beam from the TE,,, mode. This then requires the output
cavity to be of the TE, , type.ie., the azimuthal index I
must be the same as that for TE,,,. The power dissipation in
such a cavity is given by Ref. 14 as.

, )/12
Km".‘l(l‘/)\o) (1 - K o

fo = frequency (GHz)
P_ = output power (kilowatts)
Q... = external Q of output cavity
K, = transverse mode number for TE_ mode

L[\, = cavity length in units of free space wavelengths

W O PNty Top B

The lowest order mode that will satisfy the criterion that
P <1 kW/em? 1s the TE,,, mode with Q. <400 (a require-
ment in order to achieve bandwidth of 0.1%) and (L/X)) =3
(for efficiency)

The overall stability of the gyroklystron amplifier (against
the propensity to become an oscillator) 1s ensured by using
sufficiertly short cavities and low enough cavity Q’s such that
the threshold currents required for each cavity to self-oscillate
are above the operating current. A sufficient number of cavi-
ties are then used to achieve the required gain of 50 dB.

As in all gyrotrons, one is required to create an electron
beam with 70-80% of 1ts energy in rotational motion. Two
methods used for producing such a beam are the MIG and the
Pierce gun/wiggler configuration. The wiggler configuration
has not yet been used 1n oscillators as has the MIG, and thus
has not yet had the opportunity to demonstrate, in a direct
comparison, the capability of generating beams of a quality
(low velocity spread) which eoual or surpass MIG beam
quality. One advantage of using the wiggler is that standard
Pierce gun technology can be used. which ensures operation
with a space charge hmited beam (resulting in Jow noise, an
important requirement tor radar and communications tubes).

With the output cavity operating in the TE|,, mode, power
must be converted back into the desired TE;; mode and run
into an overmoded waveguide in order for the output window
and collector to handle the CW power requirement. A sym-
metric ripple wall mode converter will be used to convert
TE,, to TE,, with > 997% conversion efficiency. The collec-
tor will have to be at least 4 inches 1n diameter for reliable
power handling capahility during operation with 1 MW CW of
beam power. This requires tapering up the waveguide to
4 inches and then back down to the “standard” 2-1/2-inch
output window. Non-linear gaussian tapers which can main-
tain 95% mode putity in these tapered sections will be used.
A mode filter will be required in the external transmission line
to 1emove this last 5% power in undesired modes, which con-
sist manly of the TE ,. TE,;, as wellas TM, |, TM,,. TM ;.
and TM,, modes. The next section will cover the caiculated
performances of a few of the tube components and their
parameters, including opeiating characteristics.

3. Calculated performances and operating characteristics.

a. Circuit design. The calculated performance of the cir-
cuit design consists of a computer-simulated analysis of a
large number of possible circuit configurations, using the small
signal gyroklystron gain program for gyroklystron amplifiers
developed at Varian by Caplan (Ret. 13) and a large signal effi-
ciency program.
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For a given set of input parameters, the small signal gain
program calculates gain, beam-loaded Q's. beam reactance.
transadmittances, cavity amplitudes, and phases. all as a
function of frequency and magnetic field. These results are
then used as inputs to a large signal code, which integrates a
large number of particle trajectories through electric fields
(calculated in the small signal code) to determine the amount
of energy lost by the beam. This code uses an iteration proce-
dure to determine saturated field amplitude in the last cavity.
It is assumed that the field amplitudes and phases in the input
cavities calculated from linear theory are vahid even at satu-
ration. since these cavities only serve to prebunch with little
energy extraction. For a final check on the design and per-
formance. an eleborate particle simulation code that uses up
to 5000 particles will be used. Subtle effects such as beam
loading on the mode structure can be studied and very accu-
rate cstimates of the effects of velocity spread on efficiency
can be calculated.

A four cavity gyroklystron circuit design that meets the
JPL specifications is given in Table 3. Figures 5 and 6 show
calculated results of gain vs. frequency, and power out vs.
power in (indicating a saturated output of 465 kW and 46.5%
efficiency). respectively, for this gyroklystron. These calcu-
lations were based on the beam having zero axial velocity
spread (cold beam). It is estimated that with a velocity spread
(hot beam) of 5%. the etficiency would drop to 35%.

As stated earlier, a gyroklystron can be described by the
same type of equivalent circuit as a regular klystron. The
major difference 1s that the crrcuit elements such as beam
loaded Q and transadmittance can have a strong dependence
on magnetic field and frequency when compared with a con-
ventional klystron. A small change in magnetic field can
result in large changes in gain and efficiency. Figure 7 shows
efficiency vs magnetic field for the above gyroklystron,

b. Mode comverrer. The power emitted from the output
cavity will be in the TE, mode, and therefore a mode con-
verter must be designed to convert 1t to ihe desired Tk,
mode. A relatively simple cylindrically symmetric mode con-
verter (Ref. 15), which consists of & section of waveguide
having a sinusoidal variation of the wall radivs, a(z), with
distance, can be designed. For the converter, a(z) = a, + 5,
sin (2mz,A,). where g, is the average wall radius. A, 1s the
wavelength of the ripples, and &, is the amount of maximum
wall perturbation. Mode conversion is accomplished by choos-
ing the ripple wavelength equal to the beat wavelength be-
tween the TE,, and TE,, mode, 2/, = 2/A,, - 2/A,. The
optimum converter length is given approximately as [, =
0.638),((6,/a,). For a, = 1 cm, which is about 25% abaove
cutoff of the TE,,, cavity, the beat wavelength is equal to
2.915 ¢m; choosing a ripple amplitude of 0.10626 ¢cm makes
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the optimum converter length 6.9 inches. This design was
checked using Vanans computer code which solves 20
coupled telegrapher’s equations nstde a wavegwide of arbi-
trary wall profile. The code solves for the mode conversion
occurring from the Tk, mode to all other modes with the
same azimuthal symmetry, m = 1, which are the oniy con-
versions allowed in a symmetnic converter. Figure 8 shows
the calculated performance of such a converter. As expected,
almost all power 1s converted to the desired TE | mode. with
the worst offender being TM,, at -23 dB (1/2%) Table 4
shows the calculated amount of power in each of the spuri-
ous modes at the end of the converter.

¢. Beam collector The collector has to satisfy two con-
straints which work directly aganst each other. It must dissi-
pate high beam power at levels of no more than 1 kW/cm?.
This means the collector must be as large as possible, but at
the same time it 1s desirable to keep the diameter of the
output waveguide configuration (of which the collector 1s a
part) as small as possible to ensure mode purity. Spurious
modes will also be generated in the coilector since the collec-
tor will contain tapers. For example, the up-taper will connect
the 1" diameter waveguide at the end of the mode converter
to the 4™ diameter waveguide in the beam deposition region.
Using non-linear taper designs, and the analysis by Sporleder
and Unger (Ref. 16), a 4" taper design (optimized for a
60 GHz gyrotron) was examined for jts mode conversion
properties when used for the Tk, mode. A Varian program
based on Sporleder and Unger’s coupled mode theory. which
solves for simultaneous coupling of the TE || mode to as many
TE,, and TM,  modes as arc necessary to model the problem,
was used. Figure 9 shows the total spurtous mode level for all
TE,, modes versus axial distance. The taper described in
Fig. 9 was not optimized to discriminate against TM, , modes
With TM modes included in calculation, 107% of power was
converted to TM, . Further effort 1s being made to optimire
the taper sections for the JPL gyroklystron to avoid conver-
sion to TM modes.

d. The CW output window. The primary design approach
for the CW output window is a double ceramic disc face-
cooled with fluorocarbon liquid as shown in Fig. 10. Per-
formance for a window of this type has already been demon-
strated at K -band at power levels well above the 200 kW
minimum (340 kW CW at 28 GHz). At 60 GHz the double
disc concept has also proven capable of 200 kW CW (Ref. 17).
These data prove that a 200 kW 34 GHz double disc window
is feasible and indicate that a 400 kW (W 34 GHz double disc
window can be designed to operate successfull:.

Initial calculations for the 400 kW CW 34 GH/ window, a
design with sapphire window discs, offers ample bandwidth
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(over 1.5 GHz for a Voltage Standing Wave Ratio (VSWR) <
1.5 1 as shewn in Fig. 11). Finite element heat transfer cal-
culations predict a worst case peak temperature of 65.1°C at
the center ot the window face on the vacuum side. The result-
ing thermal stresses in the window material are well within
conservative estimates of loads which cause sapphire breakage.

Having described the calculated performance of some of
the components of the proposed gy-oklystron, 1t is next
appropriate to charactenze the tube in terms of noise figure
and AM and PM sensitivities.

e. Nuise figure. The noise figure for the proposed gyrokly-
stron configuration 1s calculated using the standard shot noise
expression (Ref. 18).

2 2 s
Zelo Af1I° B (;H(
(dB) = 101log |- - -

out

R
shunt
0, )Q_*

nose

3)

where ¢ 1s the electron charge. /15 the beam current, Af 15 the
noise bandwidth, P 1s the output power, G is the small sig-
nal gain, K. is the shunt impedance of the first cavity. and
Q, is the first cavity Q

This expression has been found to be accurate for klystron
amplifiers (Ref. 19) and 1t applies equally well to gyrokly-
strons. However, the parameters for the coupling cavity (8%)
and first cavity shunt impedance (R ) must reflect the
properties of the gyroklystron cavity design. Using the values,
Rt @, = 143300 Q) =300.G, =57 dB. g* =09.1? =
239 > 107°, 1,=125A, Af =1 MHz and P, = 200 kW,
gives P = -110.3 dB,MHz, which meets the tube speaifica-
tions given in Table 2.

1AM and PM sensuvities  In order to calculate AM and
PM sensitivities with respect to varous cperaling parameters
ot the proposed gyrohklystron, responses of each section of the
tube must be included in the calculation. For example, to
determine the AM and PM sensitivity of the tube due to van-
ation i the gun corl current. the tollowing individual sensitiv-
ity factors must be multiphied together to provide overall
sensitivity

(guus_s_\ % ( _‘,’E_)
umps) gun coll gauss Prerce

variahion gun
scalluoping
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velouty
spread

- L e P T o &
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)., 24
’ adiabatic ’ crreust
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d
=( 4B . deg (4)
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sensitivity

Tables 5 and 6 give very preliminary calculations of AM and
PM pushing factors. respectively. with respect to cathode
voltage. magnet co1l current, and lcad VSWR_etc.

The results of a prehminary calculation of phase lineanty
are given 1n Fig 5. Some parameters are yet to be calculated
and will be given in a later report.

B. Power Amplifier

A functional block diagram of the pruposed transmitter
power amplifier 1s shown in Fig 2 The power amplifier will
be driven to a 400 kW CW output by a helix traveling wave
tube preamplifier. Such a drniver power preamplifier tube at
30 GHz with 40W output has been developed at the Nippon
Electronics Corporation (NEC) in Japan (Ref. 29). The out-
put of the preamplifier will be monitored through a 50 dB
coupler and will be isolated from the gyroklystron power
amplifier input by means of a circulator and attenuator. This
1s necessary to maintain the amphtude and phase response
of the system over the 340 MHz bandwidth of the pream-
plifier. as the match of the gyroklystron power amplifier
input will vary considerably over this band. In addition, the
circulator-plus-attenuator must have a high (5¢ kW peuk,
10 kW average) rating for reflected power in order to survive
spurious emission from the gyroklystron put port which
occurs when the gyroklystron is first installed and tuned up in
the transmitter The input of the preamplifier (TWTA) will be
driven by an exciter which 1s required to generate the 34 GHy
frequency and 10 MHz phase modulation bandwidth for the
radar. This exciter may have a switched output of 44 MH¢
which would then drive a multiplier (x 772) to obtain 34 GHz.
The inexorable consequence of this frequency multplication 1s
the multiplication of phase modulation by (772)% (Ref 21)
This implies that the degradation by the multiclier has to be
kept near the theoretical mimmum. The specifications of such
a multiplter will be very stringent, and none of these multi-
pliers have been built yet.

Another area of crucial interest 1s the guiding magnet.
This device 1s a solenoid whick surrounds the interaction
volume and keeps the electron beam focused in the tube
length before the collector. A control of better than 1%
must be exercised to maintain high efficiency (as shown in
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Fig 7) and. typically, a range of 600-700 A and 30-60 V
would be required to mamntain a 12.5 KRG tield 1f a water-
covled copper solenord were to be used. At present, 1t has
not been determined whether the solenod should be 4 conven-
tional magnet composed of 2 copper conductor with 4 hollow
water channel for cooling, or a superconducting magnet com-
posed of Nb;S ~embedded in a copper matrix Since power
dissipation will be an mmportant parameter, 11 the supercon-
ducting solenoid does not give a tactor of 1000 to 1 lower
power dissipation than that achievable at room temperature.
its advantage over the conventional copper magnet 1s doubtful.

Another factor to be considered 15 that for every watt of

transter in the cooled superconducting  structure. about
400 watts ot power must be supphed ut the retngeration
system mput (Retf 22) The thurd factor to consider are the
constraints on the design of the superconducting solenoid
due 1o the fact that the magnet (and the gyroklystron) will
have to ult through 757 trom zemith and rotate through 360°
azimuth  when  ulted  However. ultable superconducting
designs have already been studied tor other gyro device apph-
cattons (Ret” 23) The maur advantage of g superconducting
magnet. besides 115 bemng small i size and weight, s that 1t
provides a virtuglly npple-free magneuc tieid protile in the
gun, wiggler. and ciieuit This npple-free protile 1s essential
i order to keep PM distortion down. as can be seen trom
Tuble 6

The gyroklystron output, at 400 kW (W, will be fed via o
wavegtude are detector. a forward and reverse power over-
moded wavegmide coupler, and a mode filter to an overmoded
teed system tor tinal antenng lunination This overmoded
transmission line with microwave components and an over-
moded teed system s discussed later

The gyroklystton body. collector, filuments, wavegu, @
components, ete . will be cooled by disulled und deronize .
water. which in wrn will be cooled by ambient air in an
external exssting heat exchanger The details of the gyrokly-
stron beam supply are deseribed in the followmg paragiaph

C. Beam Supply

A block diagram ot the existing beam supply 1s shown
Fig 13 Power at 12,600 V. 3 phase. and 60 ¢y cles per second
15 supplied to separate substations from a commercial hine
which 18 underground ftor the last mile. The 2400 V substation
supplies the main motor generator only. whale all aunihures
are supplied from a 480 Vsubstation The output of the mun
motor generator at 400 Hz 1 stepped up in voltage i the
tramtormer, rectitied. and delivered to the load through u fil-
ter, crowbar. and series-limiter resistor at voltages adjustable
up to 90 kV und 1.1 MW maximum. The output npple under
full load 1s less than 0.057
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The use of a fiequency converter (such as the motor gener-
ator) mught seem unnecessary but actually provides worthwhile
technical and economie advantages It solates the power line
from a crowbar of the d¢ supply and greatly simplities hne
protection problems It ulso solates the supply from short
duration line voltage fluctuations and transients due to the
large merua of its rotatng components. The change from
60 to 400 Hz reduces all transformer and filter sizes and costs.

The beam supply 1s required to provide 80 kV between the
gyroklystron collector and cathode gt a beam current ot
12.5 amps during the long radar pulse (up to 4 hours)

Referring to kq. (1) and Tuble 6. the intra-pulse ripple on
the supply must be kept below 0.18% peak (144 volts peak tor
typical 80 KV for the gyroklystron) for pulse compression
ume sidelobes of -40 dB

The ability of the beum supply to remuin npple-tree durng
the long pulse depends upon the quality ot the storage capac-
nor and winng inductance between the tube and supnly. It
also desirable to Keep the storage capacitor as small a8 possible
so as to Jimt the energy avatluble to dischurge in the tube dur-
g an are

The supply must be capable of withstanding the stress
unposed on 1t when an are occurs 1 the gyroklystron The
resultant finng of the crowbar will produce a peak current of
20.000 amps and ¢ peak power of 1600 MW

D. Monitor and Control

A transmitter monttor and control group (which wiil be
comprsed ot the power atphitier monitor and control assem-
bly n the antenna, transmutter control cabmet on the ground.
and remote radar control m the operations room) will contan
the contro] tacihties and mdicators necessary tor an automated
mtertuce with the transnutter. This group will monttor the
tansnutter circunts and signals to determine the operational
status There will be some 20 major intetlocks associated with
the gy roklystron output stage alone and the status ot cach will
be indicated A memory circurt will be incorporated to “hold™
an indication of mtermittent tault to assist in tault diagnostics.
Built in test equipment (BITE) and tault solation test points
will be provided for ease of muintenance and serviceabihity

Faults demuanding immediate protection such as @ gyro-
Nystron arc will result i the finng ot the crowbar and the
power supply will be shut down. The control umt will be pro-
grammed to run the system up again atter ¢ short delay . the
length of which will depend upon the gas pressure withm the
gyroklystron envelope Thiy will be monttored by an jon
pump It the tault persists, the trunsnutter will remain w the
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run down condition with appropriate faults indicated A fault
such as loss of coolant will cause the heam supply to be turned
off, while a fault such as a waveginde are will canse the dnve
and beam to be removed

These monttonng and control assemblies will be shielded
against both magnetic and electrostatic fields so that transients
associated with the high power transmitter operation do not
interfere with interlock logic circuit functions, and noise
mmunity will be achieved through the use of high threshold
logic The interlock functions will be connected via balanced
lines and optical 1solators as appropriate, to ensure reliable
operation even in the presence of the large discharge currents
assoctated with crowbar firing.

The supervision ot this monitor and control group will be
microprocessor based. which will allow the monitoring and dis-
playing of a wide range of parameters, together with automatic
run up and run down sequencing during norma: oneration and
under fault conditions. The automatic shut down system will
continuously monitor critical parameters and will take execu-
tive action under fault conditions that could lead to gyrokly-
stron damage. A precision multuplexed analog digital con-
verter will monitor a large number of analog system param-
eters, all ot which will be displayed on front panel meters. A
serial intertace (RS 232) will be provided to permut full mont-
toring and control of the transmitter including data logging via
4 remote radar control terminal in the operatious room.

IV. Transmission Line System
(Microwave Components)
In this section 4 description of the components comprising

the transmission system will be given. A preliminary layout for
an overmoded 409 kW (W transmussion system s shown 1n

Fig. i+ The components in the transmission system consist of

signal monitoring devices, signal filtering devices =~ a crreulas
waveguide taper. The monitoring devices mclude & wavegwide
arc detector, forward and reverse mode selective directional
couplers, polanization monstoring and harmome content mont-
toring devices. The only filtening device s the Tk, mode
filter which serves three purposes filtering unwanted spunous
modes. cn'sunng the crreulanty of the Tk | mode, and filter-
ing high hurmonies.

The first component in the systerr immediately following
the gyroklystron output window s & waveguide arc detector.
This device allows the beam power and drive power to be dis-
connected should an arc be detected 1n the output waveguide,
thus preventing permanent damage to the tube. Circular wave-
guide arc detectors of 2 5 inch diameter are designed routinely
for use with 28 GHz and 60 GHz 200 kW (W gyrotrons,

Although the preterred diameter for the double disc win-
dow at the gyroklystron 1s 2 57, there are great advantages in
ustng o smaller wavegurde diameter for the remander of the
transmission system. Asde from the fact that tewer spurious
modes can propagate at the smaller diameter, the oveiall
lengths of the directional couplers and mode hilter are strongly
dependent on the waveguide diumeter Mode selective direc-
tional couplers are generally of the phase velocity ty pe. obtam-
ing mode discnmination from the fact that ditterent modes
propagate with ditfferent phase velocities These ditferences in
phase velocity inciease with decreasing waveguide diameter.
Similarly, the mode filter's operation 15 buased upon the fact
that different modes require different surtace currents on the
wavegurde wall These differences also increase with decreasing
waveguide diameter

For the reasons mentioned above a smaller diameter of
1.75" 1s bemng considered tor the transmisston system Thus
dusmeter still allows for relatively low loss transmission and
will handle the high CW power, but reduces the overall direc-
tional coupler and mode Dlter length The allowable length for
the gy (oklystron and transmission system 15 determmned by the
height ot the feed cone. which 15 approsimately 16 feet
Additional length may he availlable. dependmg on the antenna
feed length. since ihe phase center of the feed is located three
feet above the top of the teed cone The dimenston of 1.75 15
also preterred since this diameter is the spproximate aperture
diameter required tfor most etficiently lfummnatng the Casse-
grain antennd. At present all of the JPL feeds huve idenucal
radiation patterns, and the scaled aperture diameter to
34 GHz s 1.757. Theretore with a 1 757 transmission system
no tlared horn is required. The teed will be discussed in more
detail in 4 later section.

A crrcular waveguide taper will theretore be included as the
next component 1n the transmission system, tapering down
from the 2.5 window diameter to the preferred diameter of
I 757 A nonline s taper, ot the type descnibed earlier. will be
optimized tor minimum length while thie total spurtous mode
level will be kept below =15 dBe¢ The spurtous mode most
strongly coupled to the TL, | mode 15 the T, mode. which
is. untortunately, one ot the most ditticult modes to filter
out

Directional couplers are required tor monitonng the tor-
ward and reflected TE || wave The couplers must not only be
capable of disunguishung between torward and revense travel
g Tk waves, but they must also be able to distinguish be-
tween the Tk, mude and each of the spunous modes That
is, the couplers must be both directive and mode selective
Mode sele tive directional couplers can be designed using the
coupled transmission line analysis of Miller (Ret 243 The
physical Tavout of a dual mode selective directional coupler 1s
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shown in Fig 15 Here the overmoded circular waveguide 1s
coupled to a rectangular waveguide operating in the dominant
mode.

If the phase velocities of the desired Tk, mode i the
circular wavegride and the dominant mode in the rectangular
coupling guide are chosen to be equal, ther the forward mode
discrimination is detined as the forward coupled power for the
desired mode divided by the forward coupled power for the
spurtous mode. For the n'M spurious mode. this ratio is given

by
L.2
c, f ) dx
-2
Discrimination = 20 log —— - {4
102
¢, f B (x) 28 Yy
L2
where L 1s the overall coupling length,
C, s the couphng coctficient for the TE | mode,
c, 15 the coupling coefticient for the n'h spurious
muode,
®(x) 15 the coupling tun:hion,

A equuls B, -8, .

n
B, 15 the phase constant of the desired mode, and
. b
8 15 the phase constant of the "' spur.ous mode
p p

Discrimination between forward und reverse traveling waves
may be evaluated vsing an equivalent tormula by appropriateiy
redetining the quanuty Ag.

Recently, mode selective couplers of the Tk | type have
been designed and built by Felch et al (Ref. 25). und Junzen
and Suckel (Re® 26). A coupler design using umformiy spaced
round coupling holes with an axially tapered coupling profile
capable of providing a coupling fuctor ot -60 dB i the for-
ward direction, -40 dB 1n the reverse direction, and 40 JB
directivity will be investigated. Mode discrimination between
the Tk, mode and each ot the TH und TM, | modes will be
greater than 40 dB

in

Polarization monitoring devices may be included betore and
after the mode filter, providing a measurement of the ellip-
ucity of the Tk, mode in the circular waveguide The pre-
ferred configuration for the polarization monitor 1s a section
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of stiaight wavegmde with two coupling pinholes located
90° apart about the wavegumide center line A combining
hridge consisting of a hybnd T. phase shirter, attenuator, and
crystal detector 1n a standard WR-28 waveguide will then be
capable of determining the ellipticity ot the output signal

The final component ot the transmission system to be
considered 15 the Tk, mode tilter. The present estmate is
that the worst case total spurious mode level at the output of
the gyroklystron (including realistic effects of shght nusalign-
ments of the tube and component assemblies. insulating gaps
in the tube output waveguide, etc., over the range of operat-
ing parameters) will be approxmmately -15 dBc The exact
distnbution of the spurious mode power must be determined
by actual measurements on the gyroklystron itself: however,
the calculations from the paper design indicate that the pn-
mary spurtous modes will be the T™M,, . Tk, and TM,
modes. Since the exact pnase and amplitude distnbution of
these spurious modes 1s unknown, the TE| | mode tilter will be
included 1n order to provide a well defined signal at the input
to the overmoded feed. An attempt will be made to design a
mode filter capable of filtering each of the spunious modes to 4
level of -30 dBc. The mode filter will be of the helicaily
leaded type, as described by Morgan and Young (Ref 27)

A schematic diagram of the Tk, | mode filter 15 shown in Fig

16. In this type of mode filter the smooth waveguide wall 15
replaced by a conducting helical winding which 15 surrounded
by a lossy dielectric The pitch of the helix 1s chosen so that
the surface currents of the desired mode, in our case the TH
RCP mode. follow the windings Spurious modes, .ncludine

the orthogonal Tk, polanization, sutfer attenuation when
passing through the filter Llliptically polanized TE | signals.
which can be decomposed into Tk, RCP and LCP compo-
nents, will therefore be punfied by removing the LCP con-
ponent and retaining only the desired RCP component. The
amount of attenuation tor a particular spurious mode depends
upon the conductivity of the lossy jacket and the direction ot
the surface currents tor the specific mode Surface currents for
the Tk, mode tend to become more longitudinal as the
waveguide diameter increases and TM moldes have purely
longitudinal currents for any waveguide diametzr In order to
obtain s:gmificant attenuation for TM mol s, it 1s advisable to
use as small a guide diaineter as possibie. Theretore the length
ot the filter section is crtically dependent on the required
attenuation for the TM || mode. Tolerances on the helix pitch
are determined by allowable sttenuation for the Tk, RCP
mode The preferred filter configuration consists ot 4 copper
helix, bonded to a berylha cylinder, bucked by u water jachet.

Finally, requirements on the tolerances for aligmmnent ot th+
tube, waveguide components, and feed recessary io preserve
the spurious mode level wul be determined using the formulae
reviewed by Quine (Ref _§y.



V. Antenna Feed System

The transmission system then terminates in an over-moded
feed which will create a suitable radiation pattern for 1llumi-
nating the Cassegrain subreflector. As was mentioned earler,
the 1.75" diameter waveguide provides essentially the correct
aperture size tor optimally iltluminating the Cassegrain sysiem;
herce a flare angic horn 1s not necessary However, equaliza-
tion of the £ and M plane radiation patterns is required for
optimum overall antenna efficiency (Ref. 29). The over-
moded corrugated feed section s shown in Fig. 17. The
incident TE,, mode is transformed into the balanced HE,,
mode along the feed section via a number of corrugations of
varying depth The balanced HE || mode possesses a circularly
symmetric radiation pattern with theoretically no cross-
polar zation. Similar feeds have been developed for use with
linearly polanzed plasma heating systems (Refs. 30 and 31).
Detailed analysis of the corrugated section is performed using
the mode matching and scattering matrix approach of James
(Ref. 32). The analysis allows the determination of the num-
ber of corrugations and the required depth profile to give the
optimum TE,, - HE,, conversion. The analysis also predicts
the resultant feed radiation pattern for an arbitrary set of
input modes. 1e.. TE;, plus any remaimng spurious modes
This resultant feed pattern is then used to predict the overall
ant-ana pattern sensitivity. in terms of gam. spillover, and

» poiarization, with respect to spurious inputs to the feed
Corrugated feeds typically operate over a much wider band-
width than that required for this application. therefore such a
corrugatec section should be capable of producing a suitable
radiation pattern over the modest bandwidth of 0.1%¢.

VI. Discussions and Conclusion

In assessing the state of the art. the development of a
400 kW (W 34 GHz gyroklystron including the overmoded
transmission system s subject to technical risks in several
areas:

(1) Mammtaiming RF  stability (preventing oscillation).
The most challenging technical task 1s to configure and
test an rf circuit which provides adequate gain and
efficiency witheut allowing rf instabilities to occur in
any portion of the rf structure. The preferrcd crrcunt
design .or prevenung oscillations will include Tk,
buncher cavities, rf cavity Joss. mechanical tunability
for the bunchers, cutoff drift tubes and an axial
magnetic field profile which can be tailored to help
prevent oscillations. Back up circuit design includes a
TE,, mode buncher section.

(2) Achieving acceptable beam: quelity. The second most
difficult prcblem is generating a one megawatt beam

(3)

(4)

p——

with adequate beam quality (AV, /¥, < 5%). The
beam optics configuration comprising the Pierce gun/
wiggler is capable. on paper. of meeting the require-
ment and has other advantages as well, including space
charge limited (low noise) operation. However. a
magnetic injection gun (MIG), which has allowed
oscillators to achieve efficiencies of over 50%. will be
considered as a back-up.

CW window with 400 kW rating. Double dis¢ window
technology demonstrated at 28 GHz has already come
close to handling the .40 kW CW power level required
for the JPL device. Nevertheless a back up approach of
a “double-dish™ window will alsv be considered In this
configuration the discs are dish-shaped and are arranged
with their convex surfaces i contact with the fluoro-
carbon cooling channel The dish shape allows much
higher coolant pressure and coolant flow velocities and
would therefore be capable of higher W power levels.

Mode filter. Most of the potential problems associated
with the transmussion system involve the mode filter
and model purity requirement. Resistive wall filters
which pass the TE , modes are presently used with
gyrotrons. However. such filters do not include a
helical winding. Two problems associated with the
TE,, filter and specifically its helical winding are a
very stringent requirement for the tolerance of the
pitch of the helical winding (in order to avoid sigmfi-
cant attenuation of the TE, mode). and the possi-
bility of breakdown near the windings when transmit-
ting the 400 kW CW power. Also. the modal purity
requirement may dictate an excessive length for the
mode filter. and a compromise between modal purity
and filter length may need to be made.

Antenna feed. With regard to the overmoded feed.
corrugated sections have been used to obtan the more
desirable HL || radiation pattern from the TE, | mode
in plasma heating experiments However, the primary
difference between the plasma heating apphcation and
the JPL application is the more stringent requirement
for the feed radiation pattern which translates into
stringent requirements for the modal purity Due to
the large waveguide diameter. an acceptable return
loss should be obtainable over the very modest 0.15
bandwidth. Two problems dealing with the feed's
response to spurious input modes are mmtimetely
related to the problem of the allowable spurious mode
level and corresponding mode filter length. Spurious
inputs will have an effect on the circular symmetry
of the feed radiation pattern. and hence may cause a
reduction in the overall efficiency of the Cassegrain

33



M system. Secondly. spurious modes may 1ncrease the
level of cruse polanzed radiation in the feed pattern
and conseqt .ntly in the overall antenna pattern.
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(6) Power splitter. Finally, should the antenna structure
upgrade be insufficient for high efficiency 34 GHz
operation dc2 to gravity deformation. a microwave
solution using an array >f properly phased feeds may
be needed to compensate for these effects. The pri-
mary difficulty in the design of such a system would be
developing a suitable power splitting device. One possi-
ble candidate would be u muitiple arm coupler designed

These then are the technical risks and developments needed
in several areas of the K, -band transmitter. A conceptual
design for a 400 kW CW 34 GHz transmitter including over-
moded microwave plumbing and an overmoded feed system
has been presented. Upon completion of the future final paper
design, hardware and iniplementation stages of the project, the
K, -band transraitter should prove to be a valuable instrument
for planetary radar and also serve as a proving ground for new
technology which will be transferable to future spacecraft

using tight coupling theory (Ref. 24). Due to signifi-  uplinks.

to
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Table 1. K -band transmitter specifications
Frequency 34 GHz Table 3. Gyroklystron circuit design
Bandwidth 0.1%
RF power output 400 kW CW (+ 86 dBm) a. Characteristics
RE stability 0.1 dB over 1 transmit cycle Charactenstic Value
Incidental AM 60 dB below carrier at all modulating
trequencies above 1 Hz Voltage 80kV
Phuse stability 1.0x 10715 (1000 seconds) with goal Current 12.5 amps
of 1 6% 10716 (1000 sec) Beam radius 0.120 cm
Incidental PM (ntter) < 1° peuak to peak Perpendicular velocity, parallel velocity 1.5
Notse figure -80 dB/MHz Magnetic field 12.5 kgauss
I'ransmit pulse 20 sec minimum to a few hours Number of cavities 4
maximum
Total length 7.84 cm
Modulation Phase Modulation- 0-100¢7 carrier 1 29
suppresston 1 <Hz to 2 MHz. This is Input coupling Qumpl 9
accomphished by PN code modulation Qutput external Qe\t 120
of length 27-1 where n= 6 to 15 and Mode buncher cavities TE
at baud length of 0.5 sec to 1000 sec. ' Ry
. . . Mode output cavity TE
FSK: Shifting carrier frequencies 121
separated from 1 Hz to 1 MHz and Small signal gain 57dB
switching in less than 1 msec every Saturated gain 50 dB
30 seconds
Suaturated effictency 46.5%
Saturated bandwidth (-1 dB points) 0.3%
b. Cavity configuration
. Cavity Length  Radius l.lesonath' “old .
Table 2. JPL gyroklystron specifications number  (cm)  (cm) “eg“};"m) ColdQ,  BeamQy
(GHz)
o 34 GHz 1 0784 0314 339 299 330
Bandwidth: 0 1% 1 dB points) 2 0.784 0.317 33.7 400 330
Output power: 400 kW CW saturated (goal) 3 0.784 0.318 33.6 400 330
Output mode Dominant TI-.l l° circularly polarized mode 4 1.725 0.769 34.2 120 <220
with very high modal purity (-30 dB for
each extraneous mode) and circular polan- ¢. Drift tubes
zation within 1 dB
Naouse figure: -80 dB;MHz Drift tubes Length (cm)
Orneentation: Gyroklystron and austliary componenis ) 0.784
such as its magnets must be capable of ’
operating through 75° of elevation motion 2 0.784
(zenith to 15° above horizon) and simul- 3 2.196
taneously through 360° 1n azimuth when
mstalled on the antenna
Ffficiency: 40% (goal)
Saturated gain: 50 dB mimimum {goal)
37
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Table 4. Spurious mode level at converter output of
mode converter TE ,—TE,, (99% efficient)
Spurious modes produced Levels produced
T, -27 dB¢
TL,, -34 dBe :
™, -38 dBc '
™, , -23 dBe
TM‘ 3 37 dBe
™, -35 dBc

Table 5. AM pushing factors

Parameter dB/%%
Cathode voltage 0.5 dB/%" i
Main magnet coil current 0.5 dB/%
Load VSWR 1.6 dB for VSWR 2:1 (oscdlation at
VSWR 24:1) '
T RI drive (1nput power) 0.007 dB;"/ .,'_
Filament voltage 0.005 dB 7 (typical)
Wiggler col current 06 dB 77 (typical)
Gun coul current 0.5 dB/% (typical)

Table 6. PM pushing factors

. Parameter S

JE Cathod voltage 6.4° ¢

Main magnet coil current 100° ¢
Load VSWR TBC"
RF drive (input power) TBC
I tlament voltage TBC

" Inlet coolant temperature TBC
Wiggler coll current TBC
Gun cotl current TBC

“To be caleulated
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Fig. 3. K,-band transmitter block diagram

41



“ 3

YN

RPN &

po B

42

AASARALRN WINDOW

TAPER YL‘_M” —

COLLECTOR
&
UP TAPER
) MODE CON VERTER
0.787" — (TEy, —*TE,,)

ELECTRON BEAM
/

QUTPUT CAV'TY 'TEI2I’ -

TUNING
DIAPHRAGM

BUNCHER
CAVITIES (TE] 1 ')
INPUT

DRIVE

PIERCE

GUN WIGGLER
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TDA Progress Report 42-78

Aprnil—-June 1984

Magnetic Refrigeration Development

0. D. Deardorff and D. L. Johnson

Radio Frequency and Microwave Subsystems Section

Magnetic refrigeration is being develope! 10 determine whether it may be used as an
alternative to the Joule-Thomson circuit of u closed cvele refrigerator for providing 4 K
refrigeration An enginecring model 4-15 K magnetic refirgerator has been designed and is
being fabricated. This article describes the overall design of the magnetic refrigerator.

|. Introduction

Much nterest has been generated in the past few years to
develop adisbatic demagnetizatron into a rehable and efficient,
continuous refrigeration stage for a closed cycle refnigerator.
Until recently adrabatic de magnetization, or magnetic cooling.
was hasically reearded as a research tool. a one-shot device to
producing extremely low temperatures for short periods of
time. The pioneering work by Heer et al. (Ref. 1) m 1954 re-
sulted in the first magnetic refrigerator to provide continuous
low temperature (<1 K) refnigeration needed for physics
research. Much of the present developmental work on con-
tinuous magnetic refrigerators centers on low temperatuie
devices to cool infrated bolometers to below 0.3 K for space-
craft operation (Refs. 2. 3. 4), or to provide superfluid helium
refrigeration (Refs. 5, 6. 7. 8) for enhancing the operation of
superconducting devices, such as magnets energy storage rings
and transmission lines. All of these devices use liquid helium
(*He. #He or superfluid *He) as the high temperature heat
reservoir.

Only very recently has the production of 4 K refrigeration
using magnetic cooling been addiessed. This temperature
regime is generally reserved for the passively operating, but
inherently inefficient, Joule-Thomson valve. A detailed ana-
lysis on a design for a 4-15 K magnetic refrigerator stage to
complement a 15 K precooler was first presented in 1966 by
Van Geuns (Ref. 9); however, any developmental work which

may have followed has never been reported n the open litera-
ture, J. A, Barclay of the Los Alamos National Scientific
Laboratory 1s presently pursuing the rotational magnetic wheel
concept (private communication). His gadolinium gallium
gainet (GGG) wheel is slowly jotated through a high magnetic
field to achieve a 4-20 K temperature span. Helium gas is
pumped through GGG matrin at the two temperature ex-
tiemes to provide the heat exchange mechanism, Hashimoto
et al. at the Tokyo Institute of Technology have recently pre-
sented experimental results obtamed from a 4.2-20 K magnetic
refnigerator they developed (Ref. 10). They have elected to
ramp the magnetic field m order to keep their GGG mitnx
stationary. A hehum thermosiphon extracts heat from the
load. hichum gas 1s used to tiansfer heat to the 20 K heat
reservoir. Chinese workers are reportedly (Ref. 11) developing
a 4-15 K magnetic stage to mount to a Gifford-McMahon pre-
cooler. No additional information about their work is knowr,

The Jet Propulsion Laboratory (JPL) has been using 1 Watt
at 4.5 K closed cycle refrigerators (CCRs) since 1965 for cool-
ing the low-noise maser amphfiers required to receive very
weak signals from spacecraft in deep space. Up to 30 CCRs are
in near continuous operation in the Deep Space Communica-
tions Network (DSN), logging approximately one quarter of a
milliun hours annually. To meet the continuing requirement to
increase both the reliability and efficiency ot the CCR and to
reduce life-cycle costs and achieve future technical objectives,
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JPL has initiated the development of a 4-15 K magnetic
refrigerator for use with a 15 K expansion engine. This new
technology is being pursured to surpass the Joule-Thomson cir-
cuit in terms of efficiency, reliability, and achievable tempera-
ture span. The decision to develop a reciprocating device stems
fiom the long experience JPL has with the reciprocating
Gifford-McMahon expansion engine and its sliding seals. its
relatively simpler fabrication requirements, and the greater
ease with which the expenimental tests results can be verified
theoretically.

The concept of magnetic refrigeration was introduced in a
recent TDA Progress Report (Ref. 12). That report presented
a review of magnetic refrigerator designs which have either
been conceptualized or built and tested. It is the objective of
this article to describe the design of the engineering model
4-15 K magnetic refrigerator under development at JPL, the
component test results and the status of the development
effort.

il. Principle of Magnetic Refrigeration

The placement of a paramagnetic material in a magnetic
field at low temperatures causes the matenal to warm up. Con-
versely, removal of the material from the magnetic field will
cause the material to cool. If the paramagnetic material is held
in contact with a consiant temperature rescrvoir, the material
will tend to expel or absorb heat from the reservoir as the
changing magnetic field warms or cools the material beyond
the temperature of the reservoir. This is the principle of opera-
tion for the magnetic religerator illustrated in Fig. 1. In this
figure, the magnetic refrigerator operates ideally in a Carnot
cycle. Panel 1 of the figure shows the paramagnetic material
thermally isolated from the precooler (heat sink) and the load
(heat reservoir). As the magnetic field is increased, the tem-
perature of the material is increased. As the material’s tem-
perature reaches that of the precooler (T, ). contact 1s made
between the material and the precooler so that the heat of
magnetization created in the matertal during further magneti-
zation is removed to the precooler (Panel 2). The paramagnetic
material, now at T, and in a strong magnetic field. is again
1solated (Panel 3). A reduction in the magnetic field lowers the
material's temperature until it reaches the temperature (T) of
the load. Contact is then established with the load and, during
further demagnetiration, the cooling of the paramagnetic
material draws heat from the load (Panel 4). Thermal contact
is then broken and the cycle is started over again as in Panel 1.
This cyclic operation for the paramagnetic material GGG 1s
illustrated in the entropy-temperature diagram shown in
Fig. 2.
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Ill. Experimental Design

Choice of the magnetic refrigerator design must depend
ultimately on the device it is to cool, in this case the maser, an
ultrasensitive microwave signal amplifier whose performance
depends critically on a stable DC magnetic field and a stable,
low operating temperature. Operating in the DSN., the maser is
located in the feedcone of a large antenna. The antenna may
be oriented from zenith to honzon for tracking purposes. The
overall cooling system requirements for the maser, listed in
Table I, :.e therefore quite stringent. The design of the
engineering model magnetic refrigerator has addressed only the
basic requirements of refrigeration capacity, DC field stabilty,
reliability, and efficiency.

The schematic of the engineering model magnetic refriger-
ator design is shown in Fig. 3. The major components of the
refrigerator include the piston and cylinder assembly for
the paramagnetic material. the drive mechanism for the piston,
the superconducting magnet. the gas pumps for the low and
high temperature gas circuits, and the two stage CTI Model
1020 expansion engine. The CTI Model 1020 expansion engine
provides the high temperature heat sink for the magnetic
refrigerator and is capable of producing better than 9 W of
refrigeration at 15 K. This refrige-2tion capacity is a major
determining factor n the final 4 K cooling power of the mag-
netic refrigerator. The hydrogen heat switch is used during
initial cooldowns to precool the helium dewar and magnet
assembly to 20 K before hiquid helium is transferred into the
dewar, This design presently calls for the external transfer of
helium; future designs call for the magnetic refrigerator stage
to provide the parasitic refrigeration requirements of the
magnet. The magnet assembly (superconducting magnet and
Hiperco!) provide the large magnetic field needed for the
paramagnetic material. The piston contains two chambers
filled with porous matrices of the paramagnetic material.
These matrices are alternately driven into the magnetic field in
a reciprocating motion by the mechanical drive system (gear-
motor and a “ball reverser™?). Coupling the gearmotor 1o the
ball reverser is a rotary ferrofluidic seal® which functions as a
vacuum feedthrough to prevent contamination of the helium
gas. Gas pumps in the low and high temperature gas flow loops
provide the gas flow needed for the heat exchange.

The 7 T magnetic field for the GGG piston is provided by a
10.2 ¢m NbTi solenoid having a 6.3 c¢m bore. The magnet 1s
encased with a magnetically soft material, Hiperco, having a

lHlperco is an 1ron-cobalt alloy available from Carpenter Steel.

?Ball Reverser is a trade name of a mechanical actuator patented by
Norco, Inc.
A vasuum rotary seal patented by Ferrofluidics Corporation.
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maximum permeability of 10,000 and a saturation induction
of 2.4 T (see Fig. 4). The Hiperco 1s used as a low reluctance
path to entrap much of the magnetic flux exiting from the
bore of the magnet. This provides a rapid transition between
the high field and low field regions enabling a shortened stroke
length for the GGG piston Figure S compares the measured
axial profile of the magnetic ficld with and without the
Hiperco and shows the position of the piston at the end of the
stroke. The figure shows the ability of the Hiperco to shape
the field, enhancing the tield fall-off rate outside the magnet
while slowing the fall-off rate of the field mside the magnet,
although the latter effect was not as pronounced as expected.

Further field shaping can be obtained by varying the shape of

the Hiperco material on the ends of the magnet.

The magnet was wound with single strand 0.254/0.406 mm
NbTi wire around a copper coil former. The wire was wet-
wound with GE 7031 varnish to prevent motion of the individ-
ual wires during magnet charging. After winding, the magnet
was potted with Stycast 2850GT. The magnet required only
a small amount of training to achieve 7 T rield: however. with
the addition of the Hiperco, the magnet required some retrain-
ing to again reach the 7 T field. A persistent switch for the
magnet has a resistance of less than 0.2 pohms corresponding
to a mimmum five vear decay time for the magnet. A resistive
shunt made from a short length of stainless steel tubing is
connected to the magnet coil leads in the 4.2 K bath. The
shunt resistance is chosen to protect the coil during quench
while slowly dumping the 10 kJ of stored energy into the
liquid helium bath,

In the cylinder assembly of the 4-!'° K magnetic refrigera-
tor, two chambers containing porous matrices of a paramag-
netic material are located in tandem on a single reciprocating
piston machined from phenolic (Fig. 6). In this design, each
matrix volume is 33 mm long and 38 mm in diameter and is
filled to about a 40% porosity with 160 grams of 1.1 mm
diameter Gd,Ga 0, (GGG) spheres. The use of the two
matrices effectively doubles the heat removal capabilities per
cycle of the piston and reduces the temperature fluctuations
by providing for a more continuous removal of energy from
the heat source. The cooling power at 4.2 K for this refrigera-
tor operating ideally in the Carnot cycle can be given as

Oc = (TIT,)Qpyn = 1.76 W

where T is the refrigeration temperature, T, is the sink tem-
perature, (J, is the rate of heat rejection, 7 is the fraction of
carnot efficiency at which the magnetic refrigerauon stage
operates, and where the CTI 1020 limits the heat expelled at
15 K to 9 W. The efficiency (assumed to be 70%) 1s deter-
mined by factors such as the thermal heat leaks along the
cylinder and drive shaft walls, the heat exchange between the
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gas and the matrices, the heat capacity of the gas entrained in
the matrices, and gas leakage by the seals, as well as other fac-
tors, The factors contributing to the loss of cooling power of
the refrigerator will be identified and minimized during
refrigerator testing,

The GGG matrices 1n the piston are separated sufficiently
so that at either end of the stroke one matiix 1s in the high
field region while the other matrix is in the Jow field region.
The placement of the GGG matrices on either side of the
magnet’s center provides force compensation to reduce the
overall force exerted on the piston dnve shaft to move the
piston. The magnetic interaction force that attracts the GGG
to the magnet is substantial (an estimated force of 1550 new-
tons [350 pounds] is required to move one of the 160 gram
GGG matrices through the 7 T field produced by this super-
conducting magnet), thus careful consideration of the separa-
tion distance 'stween the matrices 1s required to greatly
reduce the net magnetic force. The basic equation for the
magnetic force 1s

F=M-V)B

where M is the field and temperature dependent magnetization
of the paramagnetic material. and B 1s the magnetic field. Thus
as a first order guesstimate, the separation of th2 matrices
should coincide with the separation distance between the
maxima in the field gradient on either side of the magnet. Fig-
ure 7 shows an initial measurement wherein a 880 N force was
required to move the piston through a 7 T field (similar to the
profile shown 1n Fig. 5 produced by the Hiperco-encased mag-
net). The curve represents the magnitude of the force on the
piston throughout the length of the sti ke. A reduction in the
magnitude of the net force to less than 450 N (190 lbj is
desired to ensure smooth operation of the piston’s drive
mechanism. This is being pursued through force compen-
sation methods which include changing the separation distance
between the GGG matrices and by reshaping the field profile
by changing the shape of the Hiperco end pieces of the magnet
assumbly. If required, an additional force compensation
method, involving the placement of small slugs of GGG
between the two matrices but thermally iso'ated . as not to
become part of the refrigeration process, will he implemented

The GGG piston is driven with a speed-controllable gear-
motor having a maximum rotation 1ate of 10 rad/s, This rota-
tional motion is converted to reciprocating motion by means
of a commercially available *ball reverser,” a nut with ball
bearings that run in a cross-hatched track cut into the drive
shaft. The track has a set stroke length of 9.2 ¢cm and the angle
of the track is set to provide a displacement 3,175 ¢cm/27 rad,
This permits a maximum linear speed =f 5.1 ¢m/s for the GGG
piston, A turn-around in the ends of the track automatically
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reverses the direction of travel of the nut to provide smooth
reciprocating motion without changing direction of rotation
of the drive motor.

Heat exchange with either matrix 1s accomphshed with
helium gas provided by a separate bidirectional displacer
(gas pump) in both the low and high temperature gas cir-
cuits, When the GGG piston is positioned to be adjacent to a
port in the cylinder, a gas flow loop occurs. The indents in
the outer surface of the piston in the area of the helium flow
apertures allow the helium gas to flow through the porous
matrices while the displacer 1s still in motion so that the gas
flow need not vccur only when the displacer is stalled at the
ends of the stroke. The outer ridges of the piston form close
tolerance seals to help prevent gas leakage along the cylinder
wall. The seals further insure that gas leakage 15 mimmized
between the two gas loops. The design of the piston and gas
cireuttry is such that no mechanical cryogenic valves are
required.

The two gas pumps (Fig. 8 are dnven electromagnetically
in phase relation to the motion of the GGG piston. Samanum
cobalt permanent magnets are nserted in each end of the
phenolic rod extending axially from the displacer. The coils
are then energized with DC current in switched alternate direc-
"inns to drive the displacer back ard forth. The coil designs are
heing optimized to minimize the I2R resistive heating i the
cotls. Superconducting NbTi coils are heing tested for use with
the low temperature gas pump. The volume displacement re-
quired of each pump was determined by

I = 0
(pC pAf)

where Vs the volume flow rate of helium in the gus loop,
p 1s the helium gas density, @ 1s the quantity of heat to be re-
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moved, C, 1s the helium specific heat at constant presswre. and
AT 1s the temperature change of the gas as it passes through
the matrix. Volume displacements of 100 cc and 350 cc for
the cold and warm temperature pumps were chosen assuming
AT = 0.5K and ATy, = 1.0 K and adding the dead volume
for halt of the corresponding gas loop.

The magnetic refrigerator has been designed to acherve high
reliahility. The magnetic refrigerator stage 1s a closed gas loop
system: the gas circuit 1s sealed after the initial charge of
hehum gas. Internal gas displacers provide the movement of
the gas through the circuttry, ehmmating the need for an
external compressor to provide the gas flow The external and
internal portions of the piston drive tramn are coupled together
through a rotary seal to prevent gas contammnation through the
housing along the drive shaft. The magnetic refrigerator
requires no small orifices as needed i the conventional Joule-
Thomson valve. further minmimizing the problms assoctated
with gas contanunation. Finally, the magnetic retnigerator will
operate at slow reciprocating speeds. mimimizing the wear rate
of the low-temperature sliding seals.

IV. Conclusions

The design of a reciprocating magnetic refrigerator to pump
heat from 4-15 K has been presented. The individual compo-
nents have been designed and have been fabricated. Tests are
underway to optimize the field profile and the placement of
the GGG matrices within the piston The assembly of the mag-
netic refrigerator has heen initiated. With the experimental
results that will be forthcoming, a careful analysis of this
magnetic refrigerator concept ca be used to design an effi-
clent magnetic refrigerator usable tor cooling maser amplifiers
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Table 1. CCR system requirements for maser cooling

Reliable

t fficient

Multiyear lifeiime

Unattended operation

Rapid cooldowns

1~4 W cooling capacity

Compact

Magnetic field 1solation of maser package
Low microphonics

mK temperature stability

Onentation independence

Continued operation during power failures
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Potential Surface Improvements by Bump Removal for
64-m Antenna

S. Katow and C. N. Guiar
Ground Antenna and Facilities Engineering Section

The surface panels of the main reflector vf the 64-m antenna are initially set at an
elevation angle of 45 deg, where most tracking occurs, to ideally match a prescribed
paraboloid. As the antenna is rotated about the elevation axis, distortions are introduced
at the surface panel’s supporting nodes as well as at the main reflector backup structure
by changes in the direction of the gravity forces relatve to the reflector symmetric axis.
Major Fmp displacements could be corrected by controlling the position of the surface-
panel cc 1ers using adjustable mechanical jacks that change in length with the antenna
elevation angle. The analysis of two bump-removal configurations is present .d and one
unique adjustment mechanism is proposed. A gain reco. cry of 0.2 dB at X-band wouid
be available if the reflector structure distortion rms were reduced from 0.63 mm (0.025

in.) to .15 mm (0.006 in.).

l. Introduction

Antenna surface-panel distortions and deflzctions caused
by changes in gravity loading are introduced by antenna rota-
tion about the elevation axis. These gravity-induced deflec-
tions result in differencec in the radio-frcquency (RF) path-
lengths, thus contributing to the RF gain losses of the antenna.
The gain loss is a function of, among other parameters, the
root-mean-square (rms) of the distortions of the main reflector
and of the operati.ig frequency beirg used.

As the planetary exploration program continues to grow,
the need for an efficient antenna system that provides in-
creased gain, performance, and productivity becomes evident.

-t gt PN T o B

Upgrading the present 64-m antenna network to improve
performance and gain proves to be economically raore practi-
cal than building a new replacement system. Viable modifica-
tions, presently under investigation, include extending the
reflector aperture to 70-m, improving the surface panel
fabrication accuracy and setting precision, reducing the
gravity-induced distortions by stiffening braces, and increasing
the operating frequency (Ref. 1).

This article describes one additional possible modification
in upgrading the 64-m antenna. It calls for the correction of
major displacements by controlling, on a real-time basis, the
height of the surface panel’s corners using mechanical means,
with corrections changing with the elevation angle changes.
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A preliminary study of the poteatial benefits (Ref. 2) resulted
in an improved surface with less distortions (rms value), where
simplified assumptions of displacement in the major bumpy
areas were made. This report, a follow-up to the priwr study,
describes an improved computational technique used to
determine the nodal corrections necessary to reduce the sur-
face tolerance. A conceptual mechanical design to implement
the corrections is also presented in this report.

II. Analysis

Since the surface panels of the 64-m antenna are initially
set at an elevation angle of 45 deg to match a prescribed
paraboloid, gravity-induced distortions are introduced at the
horizon. zenith attitude, or any position in between while the
antenna rotates about the elevation axis.

The distortion vectors of the joints (or nodes) in the
structure supporting the reflector panels are first computed
for unit gravity loading (one g where g 1s the acceleration
of gravity) in each of the symmetric and antisymmetric
directions as shown mn Fig. 1. Either NASTRAN or IDEAS
(in-house) structural analysis computer programs can be
used for this purpose. Using the relationship of the unit
gravity load vectors and their components in the symmetric
and antisymmetric directions. as shown in Fig. 1, the three-
dimensional distortion vectors at any elevation angle are given
by:

d, = (sin6-sinf) nym +(cos 8 - cos b)) Ummm (1)
where
sym = symmetric. unit gravity distortion vector for
gravity off tocen at 6,
Uanmym = unit gravity distortion vector for gravity off
toon at 8
d, = gravity distortion vector at angle 6
f = an. nnaelevation angle
6, = elevation angle at which panels are set (usually
45 deg)

The RMS program (Ref. 3) is used to compute the “nor-
mal” surface errors (perpendicular to reflector surface) at a
specific elevation angle (6) using the two sets of deflections
dwm and dmmym. Only two sets of deflection data (for the
first and fourth quadrants of the antenna) are supplied to the
RMS program. Data for the second and third quadrants are
generated by symmetry. The RMS program multipties hoth
sets of deflection data by the appropriate angular functions in

Eq. (1), adds tne resulting weighted deflections, and computes
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the surface normal errors after making a paraboloid best fit
that minimizes the pathlength errors. For the antenna horizon-
look case (6 = 0°) at 6, = 45 deg, the distortion vector (d,)
is formed as:

d, = -0.707 Ugym 0293 U, o (2)
and for the zenith-look case (0 = 90 deg) at 6 =45 deg.
d, = 0293 me -0.707 Uann’.rym (3)

The output of the rms program provides two types of
normal errors: (1) no-fit error and (b) best-fit error. One file
outputs the no-fit normal errors and another file outputs the
best-fit normal errors. The no-fit normal error is the total
disturtion vector due to gravity loading changes as the antenna
rotates from the setting elevation angle (6,) to the horizon or
zenith configuration. This means that the no-fit normal
errors are the three-component distortion vectors normalized
to the given paraboloid surface.

The RMS program also outputs the best-fit root-mean-
square value of the Y-pathlength error data together with a
contour map of the normal errors. Contour maps of the
gravity off/on distortions for the 64-m antenna measured
normal to the surface of the best-fit paraboloid for the anti-
symmetric horizon-look (§ = 0 deg) and symmetric zenith-
look (8 = 90 deg) cases are shown in Figs. 2 and 3, respectively.

The surface distortion contour maps for the unit gravity
(off to on) loading vecter provide important information.
Inspection of the contour maps in Figs. 2 and 3 for the U
vectors show major displaceinents, hereafter referred to as
“bumps.” Removing these bumps would minimize the overall
distortion ,rms) of the main reflector, thus increasing the gain
of the antenna. Since the bumps, from Figs. 2 and 3. are on
distinctly different parts of the paraboloid surface, i.e., inde-
pendent. it can be assumed that bump nodes for the zemth-
look case (8 = 90 deg) are affected ouly by symmetric giavity
loading, and bump nodes for the horizon-look case (8 =
0 deg) are affected only by antisymmetric gravity loaaing.
This independence of bumps at these two extreme positions
allows the use of eccentric rollers (driven by the rotation of
the elevation-axis shaft) to reduce gravity distortions. The
eccentric rollers produce sine and cosine linear functions of
the elevation angle, 8, that match, by proper design, the
desired distortion compensation due to gravity loading
changes.

Note that the distortion (in rms) for the unit symmetric
loading is 0.863 mm, which is larger than the 0.616 mm for
the unit antisymmetri¢ loading vector. Therefore, the horizon-
look case was selected in this study for corrections at selected
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nodes since 0.7 part of the symmetric loading change occurs
from 45-deg elevation to horizon-look. Another reason for
that selection was the fact that the DSN 64-m antenna is used
most frequently between the 45-deg to horizontal position
range. The analytical technique used to determine the most
effective node corrections is described in the following section.

lll. Trial Computations

The analysis for determining the bump corrections for the
64-m antenna was done in two parts. The first part determined
the necessary bump-node corrections for the horizon-look
case. The second part of the correction analysis determined
the relationship between the horizon-look and zenith-look
corrections, which generated the necessary bump-node cotrec-
tions and the new overall rms where the zenith-look gravity
distortions were initially assumed to be due to the symmetric
gravity loading vector only. Therefore, the initial zenith-look
surface ¢ .rections are a function of the correction made at
horizon-look.

The RMS program, using the three-component distortion
data from the structural programs, produced at each node a
listing of both the no-fit normal errors and the best-fit normal
errors (after best fitting of the paraboloid). By examining the
best-fit contour map of the horizon-look case, with the surface
panels set at 45-deg elevation, a number of large, bump-
displacement nodes were observed. Data for 157 nodes were
entered in the program with zero displacements as a baseline
from which corrections could start.

An initial set of corrected nodes was generated after sub-
tracting the best-fit normal errors from the no-fit normal
errors for the large displacement nodes. This correction
corresponds to the distance from the actual paraboloid to the
best-fit parabeloid and results in a substantially improved rms
of 0.27 mm (0.0107 in.). The best-fit results associated with
this new rms represent the normal errors to the corrections
provided by the new deflection data.

Additional corrections to the selected set of bump nodes
were attempted to improve further the overall rms. In the
first node-correction attempt, (option-1 design) the best-fit
normal errors were subtracted directly from the no-fit normal
errors. Subtraction was necessary to determine the distance
between the actual paraboloid and the best-fit paraboloid.
Since the new best-fit data produced a best-fit paraboloid for
which the vertex is shifted in the Z direction as the bump-
node errors are removed, the new best-fit paraboloid must be
shifted so that its vertex coincides with that of the no-fit
paraboloid. An over-correction factor of 1.8 was used to com-
pensate for this offset. A new set of corrected nodes can
therefore be generated by subtracting the new best-fit data,

multiplied by the over-correction factor, from the first set of
corrected node data. This new cet of corrected nodes resulted
in an improved overall rms of 0.1& mm (0.007 in.).

Some surface nodes originally gave a best-fit rms near zero,
thus misleadingly eliminating the need for any further correc-
tions. However, repeated corrections of other nodes shifted
the best-fit paraboloid in the Z direction by approximately
0.50 mm (0.02C in.), giving the originally “good” nodes a
poor rms. To fine-tune the corrections made thus far, 63 of
these nodes were given a correction designed to compensate
for the shift in the Z direction. The final rms for (157 + 63)
or 210 corrected nodes (with the surface panels set at 45 deg)
is 0.15 mm (0.006 in.). The structural model for the selected
nodes of this case is shown in Fig. 4. Figures 5 and 6 show the
contour maps of the distortions measured normal to the
surface of the besi-fit paraboloid before and after the bumps
are removed for the horizon-look case.

Corrections for the zenith-look case are made for the same
nodes as for the horizon-look case and are imtially assumed to
be affected by symmetric gravity loading only. Tnerefore the
zenith-look case (6;) corrections are functiors of the horizon-
look (6);) case corrections and are given as.

(sin 8, - sin 6}
(ho:-look corrections) (sn 0

sym-gravity _
- sin 4;)

corrections

(hor-look corrections) %"3.7 (4)

and for antisymmetric distortions:

(cos €, - cos 6s)

= (hor-look corrections) (»_csﬁﬁos_o,)

()

antisym-gravity
corrections

where 6, is 90 deg. 6, is 0 deg, and 6; =45 deg.

The initial set of corrected nodes for the zenith-look case
was generated using Egs. (4) and (S) after determining the
mms using the initial set of corrected nodes. It was found that
the prior assumption that the zenith-look case has only sym-
metric gravity loading is not quite accurate. Most of the
nodes, however, agree with that assumption, but a few have
distortions due to both symmetric and antisymmetric gravity
loadings. The multiplication factors for the nodes exhibiting
these traits were scaled accordingly and produced a final rms
for the 220 corrected nodes (with the surface panels set at
45.deg elevation) of 0.23 mm (0.009 inches).

P. Potter (Ref. 1) designated a minimum acceptable surface
tolerance for the 64-m antenna that allows efficient operation
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at the 32-Ghz (Ka-band) frequency. The overall surface rms
determined in this study for the zenith-look and horizon-look
cases are below these tolerances. Reducing the number of
nodes selected for this study will increase the overall rms to
meet the minimum requirements of Ref. 1 and would result
in a cost effective modification. The reduction effort, repre-
sented as option-2 design, results in an overall rms of 0.23 mm
(0.009 in.) for the horizon-look case and 0.38 mm (0.015 n.)
for the zenith-look case.

IV. Proposed Panel Adjustment Mechanism

The surface panels are supported from the reflector struc-
ture as shown in Fig. 7 by the inverted U-pads, which are now
weld-connected to the top chords of the ribs. Figure 8 illus-
trates the proposed changes in the mounting of the inverted
U-pads using flextures. The inverted U-pads can be pivoted
to vary their heights up to the top chords of the reflector’s
rib trusses.

The proposed mechanizm for raising or lowering the U-pad
is ilustrated in Fig. 9, and the mechanism is bolted to the
U-pad and the top chord. An eccentrically mounted roller,
which rotates in unison with the elevation axis, can provide
the sine (6) function as well as the amplitude change of the
surface-panel position.

The driving flexible cables. connecting the antenna eleva-
tion shaft motion and the eccentric roller motion, can be
driven in unison by a specially designed gearbox that has a
large spur gear dniving multiple smaller pinion gears placed
around the penphery of the main gear. If there is excess
torque capadcity in the elevation drive. this special gearbox
can be mounted on the alidade next to the elevation shaft

protruding from the elevation bearing housing: the spur gear
would be driven directly by the rotating elevation axis. The
gearbox may also be driven by its own power unit using a
simple switcking device to maintain synchronous rotation
with the elevation axis.

The anglz of twist in the flexible drivir.g cables betweer
the special gearbox and the eccentric roller will determine
the accuracy of the corrections imposed on the surface panelis.
The final design may require the use of a worm-gear reduction
instead of the spur gear shown in Fig. €. Initial cost estimates,
however, show that further development is still needed.

V. Summary

This article has considered only the distortions of the main
reflector surface resulting from gravity loading. Additional
distortions resuit from both wind and temperature-difference
loadings on the reflector structure, the surface panels, and
the subreflector; these loadings become dominant for antenna
operation at higher than X-band frequencies. Reflector nodes
having major bump displacements could be corrected by
controlling the position of the surface panel corners using
adjustable mechanical jacks, which change position with
changes in the antenna elevation angle. The analysis of two
bump-removal configurations is presented in Table 1. The
potential gain improvement is about 0.2dB at X band
(8.4 GHz) as the reflector surface distortion is reduced from
0.63 mm (0.025 in.) to 0.15 mm (0.006 in.). Although the
proposed panel-adjustment mechanism can neutralize the
nodal displacements at the selected corrected nodes. it requires
future development effort and cost trade-off studies among
other antenna upgrade options presently being implemented.
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Table 1. Surface distortion (rms) due to gravity off/on loading

Horizon Zenith
position, position,
mm (in.) mm (in.)
Original 64-m antenna 0.63 (0.025) 0.50 (0.020)
(structural only)
Upgrade option — | 0.15 (0.006) 0.23 (0.009)
(220 corrected nodes)
Upgrade option - 2 0.23 (0.009) 0.38 (0.015)

(116 corrected nodes)
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OPTION 1: 220 JACKS
(BOTH @ AND O NODES)

OPTION 2: 133 JACKS
(@ NODES ONLY)

Fig. 4. Bump-removing adjustable jack stations for 64-m antenna
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g Horizon-look (paneis set at 45-deg elevation) normal errors to best-fit paraboloid for existing 64-m antenna;
rms = 0.63 mm (0.025 in.)

T W @ PR TE-AD - W i %




......

0
TOUR DEFINITIONS

NORMAL
L m

\

W% m

=\l

-

NORMAL
ERROP,

\1‘&((&;\ D‘
&

-

Hoﬂzon-bok(p.mllmn“«gmmmmomtom-mmummn corrections;
s = 0.15 mm (0.008 in.)

e e Putie T o -




pesee v

o

70

.

ORiGHINAL bl 1.-
OF POOR QUAL:WY

SURFACE PANEL

SALL-END
ADJUSTING AND
SUPPORTING SCREWS

INVERTED U-PAD

—

TOP CHORD
OF REFLECTOR
. RIS TRUSS

S | —

—
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64-m Antenna Automatic Subreflector Focusing Controller

C. N. Guiar and L. W. Duff

Ground Antennas and Facility Engineering Section

Defocussing of the radio frequency beam arises from gravity-induced structural defor-
mations as the antenna rotates about the elevation axis. The new Subreflector Controller
generatcs the axial (z) and lateral (v ) offset corrections necessary to move the subreflec-
tor, thus minimizing the gain losses due to this defocussing. This article discusses the
technique used to determine these offset errors and presents a description of the new

Subreflector Controller.

I. Introduction

With the progressive needs to communicate with farther
depths of space comes the increased need to improve the
efficiency of the existing NASA - JPL Deep Space Network
(DSN) ground antennas. The DSN, incorporating both me-
chanical and microwave engineering efforts, has initiated this
task, with a main goal to increase the large antenna (64-m
diameter) network performance by approximately 1.9 dB at
X-band.

Some of the modifications being developed include the
following:

(1) Fabrication of precise main and subreflector surfaces
(0.5 dB)

(2) The use of optimally shaped single or dual reflectors
(0.3 dB)

(3) The extension of the main reflector diameter to 70 m
(0.8 dB) with several .tructural and optical pointing
changes (0.1 1B)

(4) The subreilector focusing automation and upgrade
(0.2 dB) described in this report

- L e
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The present 64-m antenna subreflector consists of a 9.4-m
(21-ft) diameter, asymmetrical, hyperboloidal surface with a
moveable vertex plate, a 0.3-m (1-ft) high sohd skirt attached
at a fixed tilt angle about the perimeter of the hyperboloid,
a hub, a backup space frame structure, and four independently
adjusted motion mechanisms comprising electric motors and
jack screws. The four subreflector motion (focusing) mechan-
isms are located to allow linear travel along the x- (cross eleva-
tion), y- (elevation), and z- (axial or microwave beam) axes
in addition to rotatior.al travel to select any of several feed
horns for use. These focus adjustments permit the subreflector
to optimize the radio frequency (RF) alignment and maxi-
mize gain for any one of the five feed positions on the tricone
assembly. Defocussing of the RF beam arises from gravity-
induced structural deformations as the antenna rotates about
the elevation axis. The subreflector controller zenerates the
corrective signals which move the subreflect: r to minimize
the gain loss due to defocussing. The axial (2, anu y-axes
corrections are automated, whie any X-axis corrections
{minor) can be adjusted manually, [ necded.

This report discusses the technique used to determine the
focusing offsets or Ay and Az corrections recessary to reduce
gain losses due to gravity-induced structural deformations.
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Also included is a description of the new subreflector con-
troller designed to enforce these corrections. Operating instruc-
tions, theory of operation, and associated software for the
SRC belong in an operation and maintenance manual (in
preparation).

l. Focus Offsets

The surface panels of the 64-m antenna main reflector are
initially set to represent ideal cassegrain conditions when the
antenna 1s oriented at an elevation angle of 45 degrees (where
most tracking occurs). As the antenna rotates about the
elevation axis, gravity distortions are introduced due to
changes in the direction of the gravity force vectors with
respect to the antenna symmetric (z) axis (Ref. 1). Structure
deformations contribute to a reduced RF performance since
these displace the focus as demonstrated in Fig. 1 and increase
antenna gain losses.

Displacements of the focus in axia! (z) and lateral ()
directions have major effects on gain loss because they cor-
respond to the focus of the best-fit paraboloid and the virtual
secondary focus of the hyperboloid. These offseis can be
compensated for using the new subreflector controller which
automatically generates the correct signals to move the sub-
reflector in both the axial and y directions.

A series of tests on the large antenna at DSS 14 were run
to determine the optimum subreflector z-axis focus position
vs the elevation angle. These tests consisted of a series of
conical scanning (CONSCAN) boresight and subreflector
focus measurer . using an astronomical radio source. A
polynomial lea,. squares curve fit was apphed with a correc-
tion function of the form

Az = A + BX + CX?+ Dpx3 (1)

where Az is the Z-axis focus offset and X is the elevation
angle complement. The constants are found as follows: 4 =
14.2 mm (0.560 in.), B = -0.068 mm/deg (-0.00271 in./deg),
C = -0.0069 mm/deg (-0.000275 in./deg). D = 0.000033
mm/deg (0.0000013 in./deg) and X is (YO-£) where E is
the elevation angle in degrees. This polynomial provided the
required correction of the subreflecter Z- position, plotted
as shown in Fig. 2. A maximum correction of about 25 mm
(11in.) is needed therefure at £ = 0 (horizon position).

The y-axis focus offset (Ay) was determined analytically
using the NASTRAN structural analysis computer program.
The results included the offset of the best-fit parabeloid focus
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from the virtual focus of the hyperboloid (relative to setting
elevation angle of 45 degrees). After curve-fitting, a y-axis
correction equation is obtained as

Ay = 3.4]1 [\2cosE- 1] (2)

where Ay is the y-axis focus offset in inches. Equation (2)
is plotted as shown in Fig. 2. At extreme elevation angles
(90°) the y-axis offset can reach approximately 100 mm
(4 in.).

After determining the Ay and Az offsets, the Radiation
Pattern Computer program (Ref. 2) was used to determine
the expected gain losses that would result without subreflector
corrections. As an exampie, Fig. 3 shows a plot of the gain
loss given as its equivalent surface distortion (in mm) vs focus
offsets for 8.45 GHz.

The new subreflector Controller software incorporates
Eqs. (1) and (2) and is described in detail below.

lil. Controller Description

The subreflector axial (z) and y positioning are controlled
by a closed loop as shown by the block diagram in Fig. 4. The
loop is closed using the subreflector axial (or y) synchro
position encoder as the feedback element.

The Subreflector Controller (SRC) and Interface are
sketched in Fig. 5. The SRC receives the antenna elevation
position data from the Antenna Servo Controller (ASC) at
a rate of one sample per second. The ASC transmits this data
to the SRC through the 534 Serial Communications .oard.
The maximum elevation the antenna is able to change is
0.25 deg/s. The antenna elevation angle is used as an index
into a look-up table stored in the memory of the SRC where
the subreflector offset values are located (as defined by
Eas. [1] and [2]). The actual subreflector position is read
from the X, Y, nd Z position synchros on the subreflector
and entered into the SRC through synchro-to-digital con-
verter (12-bit). If the actual position of the subreflector 1s
not within 1.27 mm (0.050 in.) of the desired position, inen
a rate command will be generated through the 12-bit digital/
analog converter (D/A), which will engage the motor drives
of the subreflector at a fixed rate. Once the motor drives
start, they will continue to move the subreflector until it has
reached its desired position. At that time all commands to
the subreflector motor drives will stop. The final position
will be displayed on the SRC.
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IV. Positional Accuracy

The new SRC must be capable of meeting the existing
positional accuracy requirements summarized in Table 1.
Positional accuracy of the 64-m antenna subreflector is based
on these capabilities and the calculated value of offset, due to
gravity deformations. The calcLlated offset values reside in a
look-up table which is part of the SRC software. Axial (z)
offsets are calculated at 0.088-degree elevation angle intervals
and lateral (') offsets at 0.022-degree elevation angle intervals
with an error tolerance of 0.25 mm (0.010 in.). The actual
accuracy for z-axis and y-axis positioning was chosen to be
$1.25 mm (20.050 1n.), thus providing a hmiting 0.5 dB gain

loss. The ‘“deadband” tolerance is wide compared to the
positioning accuracy, and once the subreflector stops, it would
take several seconds for the elevation angle change to require
another subretlector position adjustment.

V. Summary

The Subreflector Controller (SRC) provides a method for
correcting error offsets of the RF beam due to gravity-induced
structural deformatjons. The SRC unit has been designed and
tested at DSS 14, demonstrating the potential for increased
large antenna performance.
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Table 1. Performance capabilities of the subreflector and antenna

drive electronics

Parameter Y Axis Z AXis
Maximum Axis Travel, mm (in.) 152.4 (6) 203.2 (8)
Maximum Rate of Travel, mm/s (in./s) 0.20 1.27

(0.008) (0.050)

Maximum Error for 0.05 dB Gain Loss, 2.54 1.27
mm (in.) (0.100) (0.050)
Maximum Movement/Degree Elevation, 20.3 5.60
mm (in.) (0.80) (0.22)
Maximum Required Tracking Rate, 0.50 0.15
mm/s (in./s) (0.020) (0.006)
Maximum Position Resolution, mm (in.) 0.062 0.062

(0.00244) (0.00244)
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Intermoduiation Product Levels in Flame-Sprayed Materials

C.S. Yung, F. W. Stoller, and F. L. Lansing

Ground Antenna and Facilities Engineering Section

S. Brazil

Ford Aerospace and Communications Corporation, Palo Alto, California

Ford Aerospace (under contract with the Jet Propulsion Laboratory) completed a
preliminary invectigation on intermodulation product (IMP) levels of fiberglass-backed
flame-sprayed surfaces. The purpose was to demonstrate the use of modified techniques
and materials in combustion flame spraying of formed surfaces in reducing intermodula-
tion products. The approach used improved metal wire stock without impurities or with
smaller droplet sizes, used new high-temperature release agents, used wire stock with
lower electrical resistance, and used variations in spraying distances, and intense buffing
processes which amalgamate the material gaps and droplets in an effort to fabricate
IMP-free light-weight and low-cost subreflectors. The study revealed positive material
candidates with an IMP level around -150 dB, which is comparable to solid aluminum

surfaces used as a reference.

I. Introduction

Ford Aerospace and Communications Corporation (FACC)
(under contract with JPL) performed a study examiring the
intermodulation product (IMP) response characteristics of
certain flame-sprayed materials and processing procedures.
The purpose for this study was to demonstrate the feasibility
of applying certain modified combustion flame-spray (metal-
lizing) techniques and a number of materials for fiberglass-
backed subreflector surfaces, used for the cassegrain micro-
wave antennas, while avoiding the generation of impairing
WMPs. The aim is to provide a method of preducing at low
cost, low IMP, and high efficiency, small-tolerance (RMS)
and light-weight subreflectors. Material candidates were sought
with characteristic IMP levels of -40 dB or below the antenna

P T R Y ]
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third sidelube radiation leve: when radiated with multiple
carriers at a power density approximating the antenna oper-
ating conditions. The study objective was to perform Lab
tests on sample materials and fabrication procedures and to
compare results versus conventional solid reflecting surfaces.

Past experience (Ref. 1) has shown that conventional
flame-spray techniques using standard aluminum wire feed
stock produce unacceptable IMP and noise probiems when a
multiple carrier uplink RF transmitter is used. Hence, a better
approach is developed. This report describes the materials that
were investigated, their method of fabrication, the test facility,
the test procedure, and the test results and gives recommenda-
tions for future work.
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. iMP Mechanisms

The frequency F, of a given intermodulation product
resulting from two carriers of frequencies F} and £, (F; <F,)

is determined by the expression
F = NF, - MF, (1
where N and M are integers. The IMP order is defined as

N + M. For example, the third, fifth, and seventh IMP orders
can be written as follows.

FGB) = 2 - F,
F(5) = 3F, - °F, (2)
F(7) = 4F, - 3F,

Intermodulation product effects have been investigated
since multiple frequency carriers were first introduced in
space communications systems. Passive intermodulation pro-
ducts occur because some microwave components in radio-
frequency systems, presumed to be linear, are in reality very
slightly nonlinear. Transmit-to-receive isolations on thc order
of -150 to ~200 dB are typically needed for high-power trans-
mitter systems with sensitive receivers. For such systerns,
nonlinearities as little as 1 part/10'® may present a problem.

Three of the most predcminant mechanisms for producing
nonlinearties and intermodulation products are (1) electronic
tunneling (a semicond'ictor action) through thin oxide layers
separating metallic conductors at metallic junctions; (2) micro-
discharge between microcracks, whiskers, or across voids in
meta! structures; and (3) nonlinearities associated with dirt,
metal particles, and carbonization on metal surfaces. Each of
these different mechanisms manifests itself in identical power
laws and in nearly equal levels of IMP generation.

The nonlinearities responsible for the IMP are a result of
the summation of many different microcurrent conduction
processes. Microscopically, all surfaces are highly irregular
and have a surface oxide layer between particles or droplets
several angstroms  ck. When two or more surfaces (particles)
come in contact, v ‘. are spots through the oxide coatings are
formed, and very thin oxide layers separate the metals.

The nonlinearity will depend on the proportion of the
conductive and displacement currents. For meta' surfaces
separated by thin oxide layers, less than 50 A (5G X 109 m)
nonlinear electron tunneling occurs. For thicker oxide layers,
semiconductor current flow can take place. At high-power
levels, low-level water vapor, weak gaseous plasma, and non-
linear processes in the material come into play. The observed

- g P To F W o T

IMP currents are a result of the statistical summation of the
microcurrents from many different nonlinear contacts.

A nonlinear device is one that does not obey Ohm's law,
and the relation of current and voltage for such a device is a
curve that can be represented by a polynominal of a degree
higher than one over a finite interval. Analysis made by FACC
shows that third order intermodulation power is the pre-
dominant contributor to IMP interferences. Relationships
are derived to show the magnitude of the third order IMP as
a function of the magnitude of the power of two or more
signals applied to the nonlinear device. Where all signal volt-
ages are constant. the IMP power, P, is shown to vary with the
carrier power ratio R as

(R+1)°
In summary, IMPs result from nonlinear junctions where
two or more carriers of given power ratio exist simultaneously
and where the power of third order frequencies of the inter-
ference is sufficient to cause interfering sources.

. Background

The detrimental effects of IMPs to JPL radio telescopes
was described during the Voyager space program (Ref. 1).
Past experience on flame-sprayed surfaces has shown that the
unacceptable intermodulation and noise products, produced
by conventional flame spray techniques, have resulted from
one or all of the following conditions:

(1) Some impurities in the wite feed stock were included,
typically, standard alur..inum wire which contains up
to 10% silicon impurities. These impurities cause unde-
sirable coating of the sprayed aluminum particles
(flakes), which create multiple resistive cells with
local eddy currents and roise effects.

{2) The spray particles may have significant oxide coatings,
developed during flight from the spray gun to the
desired surface, resulting in noise generation.

(3) The low-temperature oxide-forming and nonuniform
spray pattern of spray particles create a porous sur-
face that, when power illuminated, results in IMP
generation.

(4) The use of incorrect spraying distances which affects
the porosity and oxide coatings referred to in (3).
above.

(5) The use of 4 low-temperature *‘release agent™ (a coat-
ing used for separating surfaces in the simulated female
molds) causes excessive outgassing and thereby creates
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Jocal iesistive cells with their accompanying eddy
currents and noise effects.

(6) The selection of wire materials relative to the size of
the sprayed particles is important. Other wire naternaly
with good electrical characteristics, such as copper,
silver, tin, zinc-tin, etc., have finer particle diameters
which at S- and X-band frequencies have a significant
improved effect on IM products.

(7) Conventional techniques do not use intense buffing.
Since flame-spray particles are laid down in semiflat
flakes and are oxide coated in random (creating resist-
ive cells and a porous surface), the application of
intensi.e buffing of the finished surface may amalgam-
ate the surface flakes tc_.ther. Buffing will break
down the interparticle oxide barriers and minimize
the amount of porosity - especially in softer metals.

IV. Study Approach

The study approach is to avoid the past pitfalls mentioned
above and to investigate the feasibility of significantly reduc-
ing the iMPs in the combustion flame-spray process by using
a combination of pure wire-feed materials, high-temperature
release agents, finer particle sprays, proper spray distances,
different types of wire feed, and the amalgamating effecis ot
intense buffing. In the future, the plasma flame-spray tech-
nique may be investigated to determine whether it can be
adapted to NASA and DSN needs and 1s not included in this
study.

V. Description of Matarial Samples

A number of flat flame-spray samples were fabricated as
an approximation to the curved female mold used for forming
the subreflector suriace. The sample size was 30.5 cm X 30.5
¢m with a 0.15-cmu thick fiberglass backing. The saumples were
prepared by Antenna Systems Inc. (ASI), San Jose, California.
The wire-feed materials were flame sprayed against a flat
mold whose surface had been prepared with a high-temperature
release age. . After the simulated mold had been metal-
sprayed to a thickness of approximately 0.025 ¢m. the fiber-
glass backing was applied to the flame sprayed surface. The
backing material wa, bonded and cured, and the sampie was
then removed from the mold. The release agent was removed
using acet-ne.

A total of thirteen material samples was prenared as
described in Table 1. Following the examunation, processing,
and testing of the first seven samples, certain handling proce-
dures test mcthods, ard test criteria evolved which suggested
that more meaningful results could be obtained by altering the

original methods for the remaining samples. Pure tin was
deleted from the list since flame spraying of this materal
constituted a heulth hazard.

VI. Test Conditions

The test conditions were set to approximate the operating
power level of JPL antennas. The peak power deusity incident
on JPL subreflectors was given as 5.4 W/cm? A test was
configured to provide that power density as » nunimum plus
any margin the test facility would provide. Since IMPs from
the flame-spray samples were the primary concern, the test
configuration was designed to minimize or eliminate IMP
contributions from the facility itself.

A means for mounting and supponing the test samples
was constructed that would noi 1n itself contribute to the
observed IMP level. The holding fixture was a polyvinyl
chloride (PVC) frame whic't supports the sample at 0.635 cm
from the radiating aperturc PVC is used to eliminate metalhc
surfaces which are known IMP generators. The sample was
held 1in proximity to the horn aperture to reduce radiation
into the anechoic absorber which covers the intenor of the
test facility This too was to reduce the background IMP of
the measurement system. Figure 1 shows the sample holding
fixture 1~cated in place within the test facility.

The radiating aperture was a 12.7-cm diameter conical
horn which connects to the remaining IMP test facility provid-
ing the radiation and monitoring system. The transmutter,
recewver, and recording/monitoring system used were at FACC
IMP test faciity focated in Palo Alto, Califorma. This facility
was built to test IMPs having 4 level of -170 dBm from com-
ponents adiated at multiple carrier power levels of +63 dBm
into a free space environment. An RF-shielded anechoic test
facility is also included that permits measurements in excess
of -150 dBm from those power sources. The transmitter 1s a
high-power amplifier capable of delivering 5 kW of carrier
power. This level of power is necessary to provide a minimum
of 2kW at the feed interface following distribution losses
through the facility waveguide and monitoring equipments.
The frequency bandwidth covers 7.90 to &.40 GHz. Most
of the tests were run at a power level of ! kW. This provided
a power density level of 6.6 W/cm?, exceeding the minimum
required for the study. Atterapts were made tu increase the
power level; however, the level of reflected energy (caused by
the waveguide short presented by the flame-spray sample) into
the receiver bandpass filter causes excessive heating of that
component.

The receiving system has a noise figure of 1.5 dBm (105 K).
This is achieved by including a Field Effect Transistor (FET)
before the downconverter and spectrum analyzer. Since
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thermal noise power is -174 dBW/Hz at room temperature
(290K), a 10 Hz predetection bandwidth on the spectrum
analyzer provided a theoretical noise power of -160 dBm.
Also included in the test setup are a spectrum display and an
equipment conuroller. These provided a swept display of all
IMPs generated in the 7.25 to 7.75 GHz band. Those data
were stored in computer memory, recorded on tape and by
an X - Y recorder. The modulated carriers which are used
to drive the high power amplifier (HPA). the down converter
local oscillators, and the spectrum analyzer are stabilized to
§ X 10" by an oscillator. This provided long term or swept
measurement stability. Between 7.75 to 7.90 GHz at least
100 dB of rejection was provided by a separate bandstop
filter. This prevented energy from the traveling wave tube
(TWT) HPA passing through this window that would generate
an IMP in the field effe:t transistor (FET) amplifier. Proce-
dures are included to identify and isolate IMPs generated
within the HPA.

Separate screen rooms having greater than -80 dB isolation
were used between the receive test area and transmit area.
These rooms prevent “floating” signals of the transmitter
from influencing the low-noise receiver information. Figure 2
shows a block diagram of the FACC test facility. All tests were
performed at room (ambient) conditions.

The recorded IMP level observed at each setting of the
carrier frequencies was taken from a statistical average of ten
separate readings. This was done to eliminate peaks nulls, and
equipment variations. As a result of this averaging process,
each frequency measurement occurs over a 10-minute time
period, and each test sample measurement occurs over a 90-
min.te time period.

No special facilities were required to perform. the sample
buffing, surface resistance tests, or porosity tests. Conven-
tiona] equipment was used for each of these. A Kelvin Resis-
tance Bridge was used for the simple surface resistance mea
surements. A 30X power microscope and light source were used
in judging the sample porosity.

Vii. Test Results

The flame-spray samples were sequentially tested for
surface resistance, checked for porosity, IMP tested, buffed,
and then retested. Initially the samples were tested, then
buffed using various buffing techniques, and then retested.
The data herein are grouped according to the sample identfi-
cation in Table 1.

A. Bufting Procedures

Qne of the study objectives was to determine whether the
observed IMP level could be reduced by intense buffing wh.:h
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causes amalgamation of the metal. If the IMP 1s a result of the
material porosity or if it 15 a result of oxidation between
globules of metal formed dunng the flame-spray process, the
IMP level should be reduced following the amalg mation
process.

Several buffing methods were examined. The first used a
horse-hair brush wheel operated at very high speed. It was
founid that the heat developed from the brush was not ade-
quate to cause distortton of the metal surface and no amalga-
mation occurred. The second attempt was te place the metal
surface against a granite lapping plate. An ortital sanding
machine was modified to accept the material sample during
this process. Again, sufficient heat to cavse amalgamation
could not be developed, probably due to the heat sink effect
of the granite block.

As a third attempt at buffing the flame-spray samples, a
hard leather disk was fabricated and used on edge, similar to
the hurse-hair brush. This method proved to be too harsh and
ahrasive. The disk edge, which was approximately 1.2-cm
thick, removed some metal from the sample thus leaving large,
unacceptable vuids. The leather disk was then applied flat,
using an automotive-type polishing machine. This method
was marginally acceptable for certain metal surfaces. The
pure aluminum (sample number 2, Table 1) was partially
amalgamated by the leather-disk buffing process. Materials
having a coarse surface (copper and silver, sample numbers 4
and 5) tended .o luad up the leather disk, thus significantly
impairing the process. The pure zinc and tin/zinc materals
(sample numbers 4 and 6) exhibited hard surfaces and large
areas flaked off during the buffing process.

On examination of the above three buffing processes it
was recognized that none of them yiclded the desired result
and a new trial was needed. A dry-lubricant Silicon Carbide
polishing disk was tried, and it was found that grade-80
polishing agent provided significant improvement te the
surface smoothness and its porosity and seemed to approach
amalgamation somewhat more than the leather disk. The
processing time was also significantly reduced. This buffing
methoc¢ was used on the remaining six samples (8 through 13).

8. Porosity Check

Samples 8 through 13 were checked before and after
bvffing for granularity and porosity. This examination was
made by viewing the metallic surface in a darkened roum while
holding a high-intensity constrained light source to its tiber-
glass surtace. The degree of porosity was a subjective judg-
ment made by the test conrductor with ranking from | tv §
(1 = no light showing througs, 5 = significant light showing
through). Porosity was helpful in determining the eftective-
ness of the buffing process. The resulis are shown in Table 2.

- .

- .- - -~

(oY



-

C. Surface Resistance Tests

Each sample was measured to determine its DC surface
resistance before and following the huffing process. A Kelvin
Resistance Bridge was used for these tests by placing two
electrodes on the su:face of the sample, spaced apart by a
constant distance. The results are tabulated in Table 3 for
comparative evaluation before and after buffing only. In
general, materials having low resistance contribute lower
system noise temperature. However, these measurements ao
not represent the actual dissipative loss a sociate ] with the
metallic surface <s described in Refs. 2 and 3'. A more accu-
rate measurement technique such zs the cavity resonator
technique was developed by R. Clauss and P. Potter (Ref. 3).

D. Reflection Tests

One area of concern was the reflective quality of the
samples following the buffing process. A test was added to
determine the surface reflection to RF energy. A microwave
reflectometer using an Automatic Network Analyzer was
used to monitor reflected energy from an open-end waveguide
placed flush to the sample surface. Table 4 lists the results of
samples 8 to 13 before and after buffing for comparative
evaluation only. Note that for a perfect retlector, the reflec-
tion coefficient should be zero. A different reflection measure-
ment technique wherein each sample 1s placed at 45° slope
from the radiating hom is contemplated for future work.

E. Intermodulation Products (IMP) Tests

The IMP results acquired from the measurements described
in Section VI are plotted as a function of the receive fre-
quency in Figs. 3-5. Each graph includes a frequency distribu-
tion. Fifteen carrier pairs were tested with carrier 1 frequen-
cies ranging from 7.900 to 8.075 GHz and carrier 2 between
8.050 to 8.400 GHz. IMP 3rd order frequencies ranged from
7.40 to 7.75 GHz. An analysis of the results is given below.

1. System calibration. A reference calibration Jdemon.
strated the background IMP of the facility, holding fixture,
and test equipment. The source horn was radiating into the
anechoic room without a test sample plate in position. The
calibration demonstrated (Fig. 3{a]) a background IMP level
averaging -171 dBm over the receive frequency band.

Second, reference calibrations were made to demonstrate
the inherent IMP level of the measurement system when a
reference test plaic (of known IMP purity) was substituted
for the test samples. Two aluminum and copper plates, with
dimensions identical to the flame-spray test samples, were

ISee also C. W. Choi and G. S. Kirkpatrick, “Surface Resistivity Mea-
surements for the JPL 34-m X-Band Ant:nna," Harris Corporation,
Melborne, Fla, Septeinber 9, 1980.

mounted in the holding fixture and their IMP responses were
measu~ 1. This calibration revealed (Figs. 3{b] and 3[c]) a
nomina, increase in the baseline IMP level. The increase is
attriputed to two factors' first, a coucentration of incident
energy on the .hamber absorber in the prorimity of the
horn; and second, a signi‘icantly increased reflected energy
into the monitoring microwave components (horn, orthomode
junction, filters). Since IMPs increase at a rate of 3 dB per dB
of incident power (Ref. 4), the reflected power level through
the menitoring RF comnponents is increased several fold when
the calibration plates and the flame-spray sample plates are
positioned over the horn aperture. Thus, the observed system
IMP level increase in the calibration level was expected. The
calibration data shown in Fig. 3 are accurate within 15 dB of
the indicated values. Thus, the two copper arnd aluminum
plates exhibited generally comparable IMP signatures (~ - 160
dBm).

2. Test samples. The results of the first seven flame-spray
samples are shown in Fig. 4 where the general IMP level is
observed between -100 and -170 dBm. Standard aluminum
flame spray (sample 1, Fig. 4[a]) shows the largest IMP
(-114 dBm); however the high-temperature release agent
improves its performance significantly. The IMP performance
of standard aluminum flame spray with bigh temperature
release agent (Fig. 4[g]) is comparable (at -137 dBm) to the
general trend of the other samples. IMP performance was
plotted before and after buffing. When the 10 dB tolerance
window (%5 dB) 1s considered, .t was apparent that the sam-
ples performed generally the same except tor the “standard”
aluminum with low-temperature release agent (Fig. 4[a]).
Pure zinc (Fig. 4{f}) and zinc-tin /Fig. 4(c]) appear as slight
favorites within each group (~ - 132 dBm).

The results of samples 8 through 13 are shown in Fig. 5.
During the tests on these samples, the transmitter/receiver
control software was modified (wherein each frequency was
repeated ten separate times), and the transmitter power output
was set at a constant 1 kW. The results show a closer correla-
tion between sample tests than was observed from the previous
seven samples and show consistent improvement in the mea-
sured IMD level when the buffing process was used although no
significant change can be attributed to the double buffing
process.

The measured tolerance was reduced to 2.5 dB on sam-
ples 8 through 13 due to improved repeatability of measure-
ments. This also is attributed to the modified measurement
method.

The resuits of Fig. S(a) also show that the 70/30 tin-zinc

(at 134 dBm) performs better following the buffing proce-
dure. Buffing apparently affected the tin-zinc (improves IMP
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from -134 dBm to -155 dBm) far more than any of the )ther
samples tested. The pure aluminum sample in Fig. 5(b) mea-
sured low initial IMP (-156 dBm) and exhibited a lower value
{average -158 dBm) foilewing the second butfing procedure
(with dry-lubricant silicor: followed by leather disk).

The METCO Babbit™ sample in Fig. 5(c) and the pure
alumir | with a 70/30 tin-zinc subsurface sample in Fig. 5(d)
show generally the same mixed trend as the pure aluminum.

The two remaining samples (No. 12 and 13 in Figs. S[e]
and S[f]) having overspray and material buildup to double
thickness exhibited poor IMP response ufter buffing. N)
particular reason could be found for their higher IMP
measurement.

Vill. Surmmary

It was learned that as a general class of marerials, flame-
sprayed fiberglass-backed laminates can be considered viable
candidates as reflector surfaces in Pigh-intensity microwave
multuple ~arrier systems without excessive interference due to
secondary emissions from intermodulation products. This
rather board conclusion is supported by the overall low level
(between -150 and -160 dBm) of IMPs ob.- ved from the
present tests.

The flame-spray materials were exposed to a radiation den-
sity in excess of 6.6 Wjcm? with selected tests exceeding
13 W/cm?. Some matenais (tin-zinc and pure aluminum)
exhibited IMPs of -150 dBm when measured over a 6.3 ver-
cent frequency band. These levels aic generally considered
satisfactory for most receiving systems yet may be mar-
ginal for stringent JPL systems.

The study shows that buffing the flame-spray surface for
some samples improved IMP performance; however, the results
wer. mixed. General improvement of 10 dB were noted and
may reach 20 dB (such as using tin-zinc in Fig. S[a]). The
“best” buffing process found was light polishing with a dry
lubricant silicun fine grit paper. Further buffing with hard
leather provided only nominal improvement. Microscopic
examinaticn of the flame-spray material before and afier the

« - s s g S GNP AR WP

buffing processes revealed no conclusive evidence that the
material had undergone amalgamation: the improvement may
result from rupture of the oxide coating arc..nd the spray
particles. Porosity tended to increase only slightly {ollowing
the buffing process.

Taking the norm of multiple reccrdings of the IMP jevel at
each frequency set improved the repeatability and thus the
accuracy of the d.ia. Setting the power at a constant level
removed the 3 ¢B/di slope from .1 e data curve.

The study resulis showed a definite feasibility for some
flame-spray materials for DSN anternna subreflectors. From an
IMP considecation, the tested materials revaal positive candi-
datey for :har epplication. The selection of a specific material,
howe -cr, sh-uld not be made without further technical and
economical wnvestigations. Until the observed IMP level from a
sam) .c material can be maintained at a value below the mea.
sureinent system noise ievel, there 1s room for improvemert.
Indeed, as the 1naterial technology is enhanced, as was experi-
enced durire the current tudy, improvements can be made in
the measuremert ,usthods to demonstrate even lower levels of
perfcrmance. “he arear nvisioned for further work include
the following

(1} Hasma ‘p-ay metslr.ing techniques result in surface,
whose chaievieristi: snay avord many of the known
sources of IMP generition. The process uses a combi-
nation of high-energy, high-velocity gas with au inert
gas carrier to develop high-density, oxide-free, non-
porous metallic surfaces.

(2) In tabnicating a scaled subreflector, with a hyperbolic
surface and testing for its IMP performance, material
cancidates should include tin-zinc and pu: ' aluminum,
In addition, comparative microwave -ef' ctive effici-
ency measurements shou' ' be made on the subreflector
using a standard solid aluminum unit as « reference.

(3) The effect of local environment on selected candidate
materials shoulu also be considered rrior to a final ma-
terial selection. Weather effects, such as rain, ice, hail,
humidity, dust, Ligh- and low-temperature cycling,
should be dete: nined.

.
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Table 1. Flame-spray samples

Sample N
Number Description
1 Wire spray using “‘standard” aluminum wire (with 105
impurities) and 2 Jow-temperature release agent
2 Wire spray using pure aluminum wire, high-
temperature ielease agent and no puffing
2(A) Same as Sample 2 with buffing
3 Wire spray using pure zinc-tin wire, with high-
temperature release agent
3(A) Same as Sample 3
4 Wire spray using pure copper wie with high-
temperature release agent
4(A) Same as Sample 4 with butting
5 Wire spray using pure sitver, with high-temperature
relzase agent
5(A) Same as Sample 5 wi*h buffing
6 Wire spray using pure zinc wire with high-temperature
release agent
6(A) Same as Sample 6 with buffing
7 Same as Sample | except using a high-temperature
release agent
7(A) Same as Sample 7 with bufting
8 A composite of tinfzinc in a 70/30 miv, with high-
tempera*ure release agent
8(A) Same as Sam.ple 8 after butfing
9 Repeat ot Sample 2 above (pure aluminum) for repeat
of measurements
9(A) Repeat of Sample 2(A) above (pure aluminum) after
buffing for repeat of meusurements
10 Wire spray using METCO Babbit™ with high-
ternperature release agent
0(A) Same as Sample 10 after buffing
11 Wire spray of pure aluminum as the surtace area with
a 70/30 tin-zinc as a subsurface backup material, with
high-temperature release agent
11¢A) Same as 11 after buffing
12 Same as Semple 8 composite (70/30 tin-zinc) except
tlame-spray surface matenal thickness was increased to
approximately 0.05 cm using an overspray
12(A) Same as Sample 12 after buffing
13 Sume as Sample 2 except flame-spray surface material
thickness was increased to approximately 0.05 cm
using an overspray
13(A) Same as Sample 13 after buffing
86

Table 2. Porosity of some samples

Sample
number

Material

8
9
10
1

12
13

70/30 tin/zinc
Pure aluminum
METCO Babbit '™

Pure aluminum
(with 70/30 backup)

70,30 (overspray)

Purz aluminum
(overspray)

Porosity
Before buffing  After buffing

3 5
4 4
5 4
2 2
1

1.5 4
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Table 3. Bridge Resistance of samples

Resistance, ohms

Sample
Number Material Before buffing  After buffing
1 “Standard” aluminum 0.0102 0.0114
(low-temp. agent)
2 Pure aluminum 0.0127 0.0133
(high-temp. agent)
3 70/30 tin/zinc 0.0038 00037
(high-temp. agent)
4 Copper (high-temp. agent) 00010 0.0010
5 Silver 0 0029 0.0028
6 Zinc (high-temp. agent) 0.0061 0.0065
7 “Standard™ aluminum 0.0150 00154
(high-temp. agent)
8 70/30 tin-zinc 00113 0010S
9 Pure aluminum 0.0063 00065
10 METCO Babbit ™M 0.0053 0.0051
11 Pure aluminum 0.0055 0.0060
12 70/30 (with overspray) 00033 0.0034
13 Pure aluminum 0.0004 € 0041
(with overspray)
Table 4. Surtace Refiection of flame-spray samples
. Reflection loss coefticient. dB
Sample
number Material I requeney, GHy Betore butfing After buffing
Copper reflection plate 8.1 006
8.4 0.01
8 70/30 tin/zinc 81 0.11 0.03
8.4 0.11 001
9 Pure gluminum 81 043 0.08
8.4 0.40 0.07
10 METCO Babbit 1™ 8.1 0.24 008
8.4 036 004
12 70/30 tin/zinc with overspray 8.1 0.17 0.08
8.4 009 0.08
13 Pure aluminum with overspray 8.1 0.23 002
8.4 042 0.01
87
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Performance Simulation for Unit-Memory
Convoiutional Codes With Byte-Oriented
Viterbi Decoding Algorithm

Q D. Vo

Commumnications Systems Research Section

This article describes a software package developed to simulate the performance of the
byte-oriented Viterbi decoding algorithm for unit-memory ( UM) codes on both 3-bit and
4-bit quantized AWGN channels. The simulation was shown to require negligible memory
and less time than that for the RTMBEP algorithm, although they both provide similar
performance in terms of symbol-error probability. This makes it possible to compute the
symbol-error probability of large codes and to determine the signal-to-noise ratio required
to achieve a bit error rate (BER) of 107° for corresponding concatenated systems. A
(7. 10/48) UM code, 10-bit Reed-Solomon code combination was found to achieve the
required BER at 1.08 dB for a 3-bit quantized channel and at 0.91 dB for a 4-bit quan-

tized channel.

l. Introduction

A general (1), ko/ng) umit-memory (UM) convolitional
encoder 1s shown in Fig. 1. Let a, be the k-bit byte of nput
to be encoded a. ime r, 3,_, be the I,-bit byte of delayed
mput, and b, be the corresponding n,-bit byte of encoded
output. Let G, and G be encoding matrices with dimensions
ko X ng and /1y X 1, respectively, then the encoding equation
may be written as

= 2 . = Yo
b, a,GO ta_ G t=1,2,

There are two different decoding algonithms that exhibit
similar performance: the RTMBEP and the byte-ortented

Viterbi. The RTMBEP decoding rule, which has been pre-
viously simulated (Ref. 1), has as 1ts estimate a? the value of
a, that maximizes P“’r“[l.ual) where r[1. ¢ + A] is the
observed sequence with delay A. To speed up the simulation,
we set up probability matrices P(r,,,|b,,, ). where i = 0,
I, - - - . A, As a result, the required memory 1s at least
(A + 1)2'0"%0, which 1s quite large for big codes. For exam-
ple. for I, = 9. &y = 10. and A = §, at least 4,718,592 real
numpoers are needed. On the other hand, the simulation for
the byte-oriented Viterh decoding algorithm requires prac-
tically no memory (too small to count) since 1t does not have
to store the matrix P(r,|b,). Furthermore. the Viterbi algo-
rithm itself is much simpler and hence runs faster than the
RTMBEP algorithin.

99

. s - . - T S g
Lt G0 PGt T B o .= - Py »

‘g

v la -



<+

-

Il. Byte-Oriented Viterbi Decoding Algorithm
The byte-oriented Viterbi decodine rule chooses its estimated sequence a9, a9, - - - , a2 to be the value of a; . a,, - - - . a;, which
Maximnizes
P(r]"“’rllal‘”. ‘aI)P(al"“ -31)

Pa.alr, ) = Pr.o--.r)

Here we assume that all information sequences are equaliy likely (ie., P(a,) = 27k0) 50 that the algorithm is the same as

maximizing

P(r ,--,r |2

1 Ty c.a)

LY

or

Pir .---.r,|b

| b b(a L)

A recursive method is developed as follows. Let a, = 3,. 3, where the comma denotes concatenation of (kg - I,)-bit byte @, with

[4-bit byte a. 3, is called the state at time ¢ since 1t affects the output at time ¢ + 1. Let

fa_)) = max P(r,.ooo.x,_la, -3\ 8 )
R TS|
Then
" — , ~ ~ ~ o~
f(at) - .ZM'\,\ ~ P(rl ’rtlal‘ ‘at—l‘at—l'at‘at)
3 SLTESRL PR I
= Lnux ~ P(rtlrl'” ’rt—l al’ 'at—l'at—l' !
3 LIS RR PR Y l
~ ”~ ~ ~
XP(rl."'.r,_llal,"' a a a.a

Since the code has unit memory we can write

/@)

max {P(r |2 .3’.'5)5 max P, .
s e 9 t -

.I-l‘.l

_max_ gP(r,I b,@_,.3.3)f@E,_ )'
v I’

The process can be described by a trellis diagram (Fig. 2). At

time ¢ we have to compute and store the metric at each state matrnx.
(re., f(a,)). Also. we need to store the corresponding optimal
path leading to that state. The performance simulation soft- (¢) Set

ware package for 1l byte-oniented Viterbi decoding algorithm
1s summarized as follows:

(1) Initialization (¢t = 0)

(a) Set up coder matrix that gives b, for each a, and
q,_,. lERR(EO)

100
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f(@,=0) =1 andf(ﬁO# 0=0

0

(b) Set up 3-bit quantized AWGN channel probability
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Note that nce we are interested just in symbol
error probability, in the simulation we need to
store only the accumulated number of errors of
the optimal path that leads to a particular state
(1.e.. IERR (3,)).

(2) At time ¢ (mawmnloop;t =1, 2, - ), the following steps
are taken:

(a) Simulate current observed byter,

(b) For each state ﬁt. compute
f@) = _ max zP(rtlbr (ﬁrl.'ﬁ't,ﬁr))f(é"_l)‘
LSRR P

and count the corresponding number of errors
IERR (&,). Since f(a,) will be very small after
many tterations, it 1s necessary to normalize 1t-

f@,) = f@)If(0)
(3) Finally, the estimate a?. a3, - -+, a is chosen to be the
path that leads to the state @9 such that

f@%) > f@), foralld,’s

with 1ts corresponding number of errors IERR (ﬁ?).

lil. Performance

The above simulation software package requires little mem-
o1y (in the order of 2¥0) compared to the one for RTMBEP al-
gorithm (in the order of 2%0*'0). This occurs since in the
RTMBEP algorithm we need to store the probability matrices
P(rmlbm.) where i = 0. 1, - - -, A so that not al] of these
have to be recalculated in the next iteration. Even so, the
RTMBEP algorithm s still slower due to complicated recursive

procedures (see Ref. 1). The Viterb1 decoder runs about four
times faster for small codes (k, = 4) and about twice as fast
for big codes (k, = 9). Amazingly enough, with all these ad-
vantages, the Viterbi algorithm still achieves similar perfor-
mance. For comparison, results baseu on 8000-byte decoding
simulation are shown in Table | for a (4,4/8) code and a
(6.6/30) code. The Viterb1 algorithm simulation is run for a
(6.9/36) code and a (7,10/48) code “yund by Pil Lee. The
symbol-error probabilities based on 4000-byte decoding simu-
lation for the (6.9/36) code and 2000-byte decoding simula-
tion for the (7,10/48) code are given in Table 2 and plotted
in Fig. 3 for both 3-bit and 4-bit quantized AWGN channels
(see the Appendix). These codes are concatenated with various
matching symbol-size Reed-Solomon codes. The required
E /N, (ie., outer code signal-to-noise ratio) to achieve a
bit-error-rate (BER) of 10-% is shown in Table 3 and plotted
in Fig. 4. With 4-bit channel output quantization, the
(7,10/48) unit-memory code, (1023. 927) Reed-Solomon code
combination requires only 0.91 dB in E,/N,. This represents
an improvement of 1.62 dB over the proposed NASA standard
(i.e.. (7.1/2) convolutional code, (255.223) Reed-Solomon
code combination).

IV. Conclusion

A software package was developed to simulate the per-
formance of the byte-oriented Viterb: decoding algorithm for
unit-memory codes. This simulation requires negligible mem-
ory compared to that for the RTMBEP algonthm. It also runs
faster because of its simplicity. As a result, 1t is possible to
determine the symbol-error probability for large byte-oriented
codes. Then the required £, /N, to achieve a BER of 1076 can
be evaluated for concatenated systems. A (7,10/48) code,
(1023.927) Reed-Solomon code combination 1s found to
achieve the required BER at 0.91 dB. which is a 1.62-dB im-
provement over the proposed NASA standard.
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Table 1. Performance comparison between Viterbi and RTMBEP decoding algorithms
Code Gy G, Viterbi decoding RTMBFP decoding
(4,4/8) 87 8B EI;/N0 (dB) 1.5 2.0 2.5 E'b/No (dB) 1.5 2.0 2.5
4B E2 Ps 0.0313 0.0157 0.0063 Ps 0.0317 0.0154 0.0065
2D B8
1E D1
(6,6/30) 20FBAC1C 0F14B4C1 E'b/N0 (dB) 0.75 1.00 1.25 E'b/NO (dB) 0.75 1.00 1.25
107DD60E 1E296982 p 0.0252  0.0122 0.0077 P 0.0246 0.0125 0.0079 :
08BEE307 3052C344 s :
04DD71A3 39A19638 1
02EEBOF1 33472D10 :
01F75878 278A5A60
Table 2. Simulated symbol-error probability for a (6, 9/36) code and a (7, 10/48) code—Viterbi
decoding
Code GO Gl Symbol-error probability, Ps
(6,9/36) FFFFF0000 C144DAA24 E’ /}V0 (dB) 0.3 0.5 0.7
FFCOOFFEQ 92168221E 4-%it channel 0.0765 0.0567 0.0328
F83EQFCIF 973860692 3-bit channel 0.0841 0.0605 0.0446
E4210C3D8 072155018
07398B018 60ASO0EACA
D71062816 7008D69B1
909EC4234
6064DA924
6A0956DB0O
(7,10/48) FFFFFFF00000 AA84C7DO0SC3B E’ /No (dB) 0.0 0.25 0.50
FFFCOOOFFFCO  A4DFB474F71D 4-bit channel 0.0850 0.0460 0.0245
FEO3F80FEO3F CI1AS5A2916B4 3-bit channel 0.0965 0.0590 0.0380
C183870E183C A65295EC8AL7
3D7B44C9DF22 DEIS6BCAEAOB
BAE2B7AFB4FB 7EE41D2591E3
415CF745D496 486C6ECADY964
3846FL7B6C28
B101CDESOAB4
73F328165182
Table 3. Required E,/N_ to achieve a BER of 10°®
Code (6,9/36) (7,10/48)
R-S 399 415 431 447 831 863 895 927
code rate s11 s11 §11 S11 1023 1023 1023 1023
Requ'uedPs 0.06214 0.05080 0.03986 0.02942 0.06143 0.04914 0.03722 0.02580
Required 3-bit 0.482 0.618 0.77 0.9387 0.23 0.354 0.512 0.716
E'b/No(dB) 4-bit 0.557 0.65 0.724 0.222 0.335 0.482
Required  J 3-bit 1.56 1.52 1.51 1.57 1.13 1.0y 1.09 1.14
E /N (dB) | 4-bit 1.46 1.39 1.31 0.96 0.92 0.91
Y
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Appendix
4-bit vs 3-bit Channel Output Quantization

The quantization of the output to one of J levels simply
transforms the AWGN channel to a finite-input, finite-output
alphabet channel (Ref. A-1). For our case, a biphase modu-
lated AWGN channel with output quantized to eight levels
(3-bit quantizer) is shown n Fig. A-1. The channel cond
tronal probabilities can be computed as follows:

P(110) = Q(3a- x)

PMI0) = QU4-Mu-x) - QUS-Mua-x). M=2- .7

P(810) = 1- Q(-3a- x)

PMI1) = P(9-M|0)
where

a = quantizer step size
x = V2N

The quantizer step size 1s chosen to maximize the Bhatta-
charyya distance:

8
d =-ln 3~ VP(MI0)P(MiT)
M=1

From ths, the channel cutoff rate R | can be easily computed.

R, = ma z n g [E q«x)\/P(}Tx")I{

v

-

= max ;— In E 2 qlx) q(x") }: VPYIX) Py |v')=
q - T -

For binary input, this becomes
- LS Ao P0ID | = 1+ed
R, =-1In §+§Z PEIOPYIL) | = - In{—5—
y

The 4-bit quantized channel model 1s shown in Fig. A-2
with the channel conditional probabilities given by

P(110) = Q(7a- x)

PIM|0) = QU&-M)a-x) - QUI-Mya-x), M=2_ -15
P(1610) = 1 - Q(-7a- x)
PMi1)y = P(17- M|0)

where the quantizer step size a is chosen to maximize

16
d=-in Y PMIO)PMI)
M=1

The cutoff rate is plotted for both channels over the interested
range of £ /N, in Fig. A-3. We see that, tc achieve the same
cutoff rate, we can save approximately 0.11 dB (in the range
around £ /N, = -6 dB) n required signal-to-noise ratio by
using a 4-bit quantizer instead of a 3-bit quantizer. This fact
was originally suggested by Pil Lee (personal communication).

Reference

A-1. Viterbi, A. J., and J. K. Omura, Principles of Digital Communication and Coding,
pp- 78-82, McGraw-Hill, New York, N.Y., 1979,
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A Simple Algorithm for the Metric Traveling Salesman Problem

M. J. Grimm

Communications Systems Ressarch Section

An algorithm was designed for a wire list net sort problem. A branch and bound
algorithm for the metric traveling salesman problem is presented for this. The algorithm
is a best bound first recursive descent where the bound is based on the triangle irequality.
The bounded subsets are defined by the relative order of the first K of the N cities (i.e.,
a K city subtour). When K equals N, the bound is the length of the tour. The algorithm is
implemented as a one page subroutiie written in the C programming language for the
VAX 11/750. Average execution times for randomly selected piunar points using the
Fuclidecn metric are 0.01, 0.05, 0.42, and 3.13 seconds for ten, fifteen, twenty, and
twenty-five cities, respectively. Maximum execution times for a hundred cases are less
than eleven times th~ averages. The speeu o) the algorithm is due to an initial ordering
algorithm that is a N squared operation.

The algorithm also solves the related problem where the tour does not return to the
starting city anu the starting and/or ending cities may be specified. The algorithm can
easily be extended to solve a nonsymmetric problem satisfying the triangle inequality.

l. Introduction

The Digital Projects Group uses an in-house development
aid program (Ref. 3) for specifying the interconnections of the
1/0 pins of integrated circuits placed on wire wrap boards. The
program produces nets of (x, y) coordinates of points that
must be interconnected. The coordinates are the locations of
socket pins upon which at most two wires may be placed. An
insulated wire electrically connects two socket pins. The
length of a net connecting the NV socket pins is the sum of the
effective lengths of the N - 1 wires connecting pairs of points
in that net. When a wire wrap machine connects the point
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(x1, y1) with the point (x2, y2), the effective length of the
wire is |x]1 = x2] + |y1 - p2|. Itis desirable to minimize the
length of the nets.

For a typical logic design, a board has two thousand nets,
with each net containing an average of three points. Approxi-
mately eight percent ~¢ th aets have ten or more points, and a
few exceed fifteen points. With such small nets, it would seem
that a simple algorithm could be specified that finds ininimum
length nets using a reasonable amount of computer time. The
algorithm to be presented satisfies the requirement, and also

@y

-



, ]
[ QS P

. A e e

R s el S

x
N 2

solves tne metric traveling salesman problem (TSP). It also
allows one or both end points of the net to be specified,
facilitating the routing of electrically terminated nets.

ll. The Combinatorial Problem

The TSP can be defined as follows. Given an N by N
matrix D of non-negative integers; find an order vector O
such that

N-1
D(O[N], O[1]) + 3~ D(O[/], 0l +1])

I=1

is minimal. The order vector may be any permutation of the
numbers one through N. If D[/, J] = D[/, I] then the problem
is called the symmetnic TSP. If, additionally, D has a zero diag-
onal and satisfies the triangle inequality (D}, /] K D[/, K] +
D[K, J]) the problem is called the metric TSP, If the first term
in the minimization equation is omitted, the salesman does not
have to return home, and the problem becomes the net sort
problem. The distance defined in the introduction is a metric;
so that problen: is a metric net sort problem.

The algorithra to be presented solves both the metric TSP
and the net sort problem. It can easily be extended to solve 2
nonsymmetric problem given that the triangle inequality
holds.

. The Algorithm

Bently (Ref. 2) describes approximate solutions to the TSP
that are feasible for N = 1000 Smith (Ref. 4) defines the
branch and bound algorithm but does not give executicn
times. Bellmore and Malone (Ref. 1) give execution times for
random Euclidean problems that aie three orders of magnitude
inferior to the algorithm to be presented. The algorithm is a
simple application of branch and bound using the triangle
inequality. The novelty of the algorithm 1s a worst possible
ordering presort which enhances execution times by about
three orders of magnitude for V= 20.

The branch and bound algorithm (Refs. 1 and 4) can be
defined recursively as follows. Given a set of nets and an
upper bound (current minimum) on the absolute minimum
length net: Partition the set into subsets and compute lower
bounds on the lengths of the nets in each subset. If the lower
bound of a subset is not less than the current miaimum, dis-
card that subset because it cannot contain a net shorter than
the current minimum. If the lower bound of a subset is less
than the current minimum and the subset contaus more than
one net, explore that subset. Otherwise, if the set has only one
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net, then th2 length of that net becomes the curren* minimum,
and that ne. (s saved as a potential minimum length net. The
algorithm terminates when the set has been explored, and the
potential minimum length net is then the minimum length net.

The algorithm to be presented is a best bound first algo-
rithm; that is, when a set is partitioned, the first subset to be
explored is the subser with the smalles’ ‘ower tound. The
algorithm also has the prope:iy that subsets are mutaally
exclusive and collectively exhaustive and that the subsetting
process ultimately yields a subset with just one net in it, whose
length is the lower bound.

The algorithm computes an initial nrdering for the points,
and it labels them one through N. The initia! ordering will be
descrihed in the next paragraph; this one describes the subsets
and bounds used by the alrorithm. The subsets are defined by
the relative oder of the first K points in tne niet, and the lnwer
bounds are computed directly from the triangle inequality.
The depth of a sub-et is defined to be the number of points
considered (K). A ccnvenient latsl for a depth K subset is its
K point order vector. For example, the depth thrze subset
1-3-2 is the set of all nets for which point three is betwsen
points one and *vo. If N is greater than three, 1-3-2 can be
partitioned into the four depth four subsets: 4-1-3-2, 1-4-3-2,
1-3-4-2, and 1-3-24. For the net sort problem, the lower
bound for the set 1-3-2 is D[1, 3] + D{3, 2]. For the TSP the
lower bound is D[1,3} +D[3,2] +D[2,1]}. The triangle
insauality guarantees that no net in the subset is shorter than
the lower bound. Moreover a depth V subset contains just one
net whose length is the lower bound.

The algorithm consists of recursively partitioning dspth £
subsets into depth XK + 1 subsets until either the lower bound
exceeds the current minimum or a new current minimum is
found. Tre speed of the algorithm is found to be extiemely
data sensitive, and an initial ordering of the points is required.
In order to maximize the lower bounds of depth K subsecs,
and hence tend to eliminate subsets without having to parti-
tion them, the first K points should be chosen to be maximally
separated. This is accomplished with the following presort
algorithm. For the net sort problem, if both end points are
specified, they are labcied one and two. If one end point is
specified, it is labeled one, and point two is the one farthest
from it. Otherwise, and for the TSP, the first two points are
chosen as the ones farthest apart. Point P{J + 1] is chosen as
a point not aiready chosen which is the farthest distance fron
all of the J points already chosen. That is, point P[J + 1} is
the point X such that: MIN(D[P[/},K]): I=1,...,J) is
maximal for 1<K <N and K not in P[S): §=1,...,/.

This initial ordering is a N squared operation and signifi-
cantly enhances the execution speed of the algorithin.
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The branch and bound algorithm is applied to the presorted
points and is as follows. Start with the set of all nets to be con-
sidered. the lower bound for the set, and a current minimum
of infinity. From the set’s lower bound, compute lower bounds
for each one deeper subset. Record the two best (smallest)
lower bounds. If the best lower bound is not less than the cur-
rent minimum, discard the entire set because it cannot contain
a net shorter than the current minimum. Otherwise if the sub-
set depth is AV, record the single net in the best subset and set
the ~urrent minimum to be the subset’s lower bound (length),
and the set has been explored. Otherwise if the best subset’s
lower bound is less than he current minimum, explore it.
Having exploied the best subset, if the second best subset’s
lower bound is not less than the current minimum, the entire
set has been explored. Otherwise, successively explore each
subset whose lower bound is less than the current minimum,
The algorithm terminates when the initial set has been explored.
At this time, the current minimum 1s the length of an absolute
minimum length net, and the recorded net is one of the abso-
lute minimum length neis.

IV. The Computer Realization of the
Branch and Bound Algorithm

The recursive algorithm is easily implemented as a recursive
subroutine (SUBSET) whose aiguments are as follows:

LP1 The depth (L +1) of the resulting one deeper

subscts

LEN  The lower bound of the depth L subset to be
explored

D Row LP1 of the distance matrix

The subset being explored 1s globally defined by the singly
linked list LINK. For the TSP, the initial set to be explored
is 1-2-3 which is defined as a circular list (LINK[1] =2;
LINK([2] =3; LINK[3] = 1). Other global variables used by
SUBSET are as follows:

N The number of points in a net

MIN  The current minimum

WINM  The linked representation of he current minimum

net.

The increase in lower bound of the depth LP1 subset formed
by placing point LP1 between points I and LINK{I] is

D[1, LP1] +DJLPI, LINK[1]] -- D{LLINK[1]]

To facilitate the recursive computation of lower bounds in the
net sort problem, the distance matrix is augmented with a

110

Ay e el sy >

column of zeros so that D[J, 0] =0 for all J. For the net sort
problem, the initial set to be explored is 1-2 which is defined
by

LINK[0] = 2;LINK[2] = 1;LINK[1] =0

Notice that the lower bound equation is now also valid for end
points of the net. The valid irdices (1) for the net sort prohlem
with S preselected end points are S, ..., L. The valid indices
for the TSPare 1,.... L.

For a symmetric distance matrix, only one row of D is
required to compute the increase in lower tound provided
that D[L,LINK[I]] is maintained. DL[I] 1s defined to be
D[LLINK[I]]. Now the lower bound equation becomes

D[} + D[LINK[1}] - DL[I]

where D[J] is D[LP1,J];i.e.. D is now just a row of the dis-
tance matrix.

To explore the depth L + 1 subset formed by placing L+ 1
berween 1and LINK[I], the required updates to LINK and DL
are

LK = LINK[I]
LINK[]] = LPI
LINK[LP1] = LK
DT = DL[]]
DL[I] = D[I]

DL[LP]1] = D[iK]
To restore DL and LINK to the depth L subset,

DL[l] = DT
LINK[I] = LK

The C language realization of this algorithm is given in
Fig. 1.

V. Example of Algorithm Execution

Consider the five-point net with its corresponding distance
matrix in Fig. 2. The problem to solve is the net sort with no
preselected points. The initial ordering algorithm gives the
points labeled as shown. The initial set 2-1 is partitioned and
lower bounds are calculated until a new current minimum of
7 is generated from 5-2-3-1-4. Sets 2-3-1-4 and 2-3-1 both
have second best lower bound .ct gieater than the current
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minimum, so they have been explored. The second best subset Vi. Executic:: Times
of 2-1 yields a new current mimimum of 6 for 3-2-5-4-1. The

rest of the subsets fail the second best test and the algorithm Table 1 gives average and maximum execution times for
terminates. In this example, only twenty-one lower bounds randomly selected planar points using the Euclidean metric
were computed to determine the minimum of sixty (5!/2) for the TSP. These measurements were made on a VAX

possible nets, 11/750 running UNIX.
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Table 1. Execution times
Number Mumber
ot of £verage, s Maximum, s
Points Cases
10 100 00t 0.07
15 100 0.05 0.23
20 100 042 3.87
25 100 3.13 33.55
30 25 55.36 400.37
35 14 263.63 1786.93
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subset(lpl,len,d’
int Ipl,len,x*d;
¢

e,

1int ddlSTIZ21),1i,1k,dt,1im,1im2;
for(lim=11m2=30000000, 1k=s; Ik<Ipil;lk++)

if(ddl1lkI<lim){
: izlk;
: lim2=1im;
: lim= ddglC1k1;
£ }
; else
lim2=ddl 1k];
if((lim+=len)>=min)
return;
lk=zlink(il;
linkC1)=1pt;
linkfip1l:=1k:
1f(lpl1z=n){
for(dt=0;dt<zn;dt++)
winldtlzlink{dt];
whnklil=1lk:;
minzlim:
return:;
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}

dt=dli(11:

dl1C13:=dli);

dillp1l=dl1lk];

subset(lpil+1,1im,d+n+1);

diCi1l=dt;

linkCil=1k;

. 1f((lim=min-len)<=z1im2)

N return;

for(ddlil=30000000,izs;i<1lpl:i++)

1£0ddli1<lim){

lk=linkCil;
linkCil=z1lpil;
link[1p1l=1k:
dt=alli1d;
difil=dlil;
dlilpilzdllk];
subset(lpl+i,len+ddlil),d+n+1);
dlifil=dt;
linkCil=lk;

TP

1+ ((ddl1k)=dl1k]+aClink(ik1]~-d1l1lk1)<1lim2) "

Fig. 1. The C Language realization of branch and bound algorithm
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2 3
AUGMENTED DISTANCE
MATRIX (D)

CURRENT DELTA LOWER BOUND
MINIMUM 012 3 4

5
‘4 2
II 13

NET

LOWER

SUBSET BOUND
2-1 5
2-3-1 5
2-3-14 6
5-2-3-1-4 7
3-2-1 6
3-2-4-1 ¢
3-2-5-4-1 6

Fig. 2. Example of aigorithm execution for a five-point net and its
corresponding distance matrix
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Symbol-Stream Combiner: Description and
Demonstration Plans

W. J. Hurd, L. J. Reder, and M. D. Russell

Communications Systems Research Section

A system is described and demonstration plans presented for antenna arraying by
Symbol Stream Combining. This system can be used to enhance the signal-to-noise ratio
of spacecraft signals by combining the detected symbol streams from two or more receiv-
ing stations. Symbol Stream Combining has both cost and performance advantages over
other arraying methods. Demonstrations are planned on Voyager Il both prior to and
during Uranus encounter. Operational use is possible for Interagency Arraying of non-

DSN stations at Neptune encounter.

l. introduction

Symbol-Stream Combining (SSC) is a method of combining
the received signals from two or more antenna-receiver sys-
tems in order to achieve a signal-to-noise ratio (SNR) which
is approximately equal to the sum of the signal-to-noise ratios
at each antenna-receiver. The prnimary motivation for SSC
is interagency arraying of non-DSN and DSN stations for the
Voyager Neptune encounter.

This article describes the symbol-stream combining system
concept, the hardware and software implementation, and
the preliminary demonstration plans.

In Symbol-Stream Combining. the received signals at
each antenna station are processed through symbol detection.
Then the detected symbols from the two or more stations
are brought together, aligned, and combined with proper
weighting. This is as opposed to Baseband Combining (BBC),
in which the signals are brought together, aligned, and com-
bined .s broadband baseband signals prior to subcarrier
demodulation.

PR SR P . e R

Symbol-Stream Combining has three major advantages
over Baseband Combining. First. the ground coramunication
bandwidth for SSC is less than one-tenth of that for BBC. This
is a major cost reduction, especially when international satel-
Inte links are required. Second. the SSC combining and backup
recording equipment is less complicated and less expensive.
Third, the SNR performance 1s approximately 0.35 dB better
for SSC than for BBC, as shown by Divsalar (Ref. 1). The main
disadvantage of SSC is that the subcarrier demodulators and
symbol synchronizers must operate at lower SNRs than for
BBC: this disadvantage will be overcome by use of synchroni-
zation techniques being developed for the DSN Advanced
Receiver (Ref. 2).

Figure 1 shows the planned contigui. 1on for the first
demonstration of SSC, using DSS-13 and DS8S-14. Voyager 2
will be tracked by both stations. The symbol-stream combiner
will be located at DSS-14. The signal at DSS-14 will be
processed by a standard telemetry stream through symbol
detection. Then the detected symbol stream will be input to
the Symbol-Stream Combiner (SSC). The signal at DSS-13

11§
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will be synchronized and the symbols detected using a partial
breadboard of the Advanced Receiver signal processing unit.
These detected symbols will be transmitted to DSS-14 on the
existing microwave link and input to the SSC. The combined
symbols at the output of the SSC will be input to a decoder,
and the symbol stream from DSS-14 only will also be de-
coded. Either two decoders will be used simultaneously, or
one wil be time shared. The decoder performance will be
monitored to establish the SNR improvement achieved by
SSC.

Il. System Description

One of the main advantages to the symbol stream com-
bining method of antenna arraying is the simplicity of the
hardware necessary for the implementation of the system.
Because SSC 1s performed on the quantized symbols after
subcarrier demodulation and symbol synchronization, the
data rate into the SSC is equal to the symbol rate, which is
under 60 kHz for Voyager Uranus encounter. This 1s much
lower than the 15 MHz sampling rate of the Baseband Assem-
bly (BBA), which implements Baseband Combining. Thus.
functions performed in hardware in the BBA can be done
in software in the SSC. These software functions include
cross correlation for alignment and SNR estimation. The
SSC also performs SNR estimation, in software, on the input
symbol streams to determine the weighting constants to be
used in the hardware for the combining.

The basic functions that must be carried out in SSC are
alignment of the quantized symbol streams. weighting of
each symbol, and combining or summing the weighted sym-
bols. The combining function is as follows.

Z(n) = a, X (n)+a X (n+k)
where

0, 1 = station index
X = symbols from station
= combined symbols
n = time index for nth symbol
k = delay to station | from station 0

a = weighting constant for station

The weighting constant 1s computed in the SSC using the
algorithms analyzed by Q. D. Vo (Ref. 3). The above relation
is implemented in hardware with software control and compu-
tation of values for a,, a;, and k. Alignment is accomplished
by delaying the X (n) stream by k samples with respect to the
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X,(nj stream. The value of k is determined by software cross
correlation of the two streams and by utilizing delay calcula-
tions based on antenna puinting predicts and knowledge of
the vector baseline between the antennas. Once the value of
k is determined, weighting and combining is performed in
special purpose hardware.

lil. Hardware Description

The special hardware is a multibus board which was
developed for the BBA for the combining and weighting of
sampled data and a special delay card developed for this
project. A block diagram of the hardware configuration is
shown in Fig. 2. The hardware consists of a multibus card
cage with seven standard and two special purpose cards, two
disk drives. two function generators, and an interface assem-
bly. The standard cards are.

1 INTEL SBC-86/14 Single Board Computer with an
8087 Multimodule

1 Chrislin Industries CI-8086 512 KByte Dynamic RAM
Card

1 National Semiconductor 8222 Disk Controller

1 INTEL SBC-534 I/O Expansion Card

(9]

SBX-488 Multimodule interface cards for controlling
the function generators

1 Digital Pathways TCU-410 Clock Calendar Card

The tv/o special multibus cards are a Programmable Digital
Delay Card and a Multiplier-Adder Board for combining.
Two eight-inch Shugart Disk Drives are used also.

A custom interface assembly to interface to the microwave
link at the stetions and generate test sequences for system
self-test is also shown. The two function generators supply
clock signals. One supplies a times-four clock, phase locked
to the channel-0 symbol clock. The other supplies a test signal
clock for channel 1 during self-test.

A. Delay Card

The function of the Delay Card is to input two symbol
streams, buffer them, delay one stream with respect to the
other so as to align the corresponding symbols from the two
sources, and to output the two aligned symbol streams to the
Multiplier-Adder Board.

A diagram of Delay Card signal flow is shown in Fig. 3.
The card consists of two independent channels so two streams
can be delayed simultaneously. Each channel has a first-in-
first-out (FIFO) circular buffer memory, a read address
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counter and a write address counter. Channel 0 is set at a
fixed delay of k, symbols, depending on the particular sta-
tions being arrayed. This fixed delay is greater than the maxi-
mum allowance (negative k) for the baseline. The channel-1
data are delayed k; + &, which is always positive. The differ-
ential delay is k. as required.

The main complexity in the Delay Card arises because the
symbol rates from the two stations are slightly different due
to Doppler shift. This Doppler shift or changing delay 1s
caused by Earth rotation. The differential fractional Doppler
between stations is on the order of 10~° for two Goldstone
stations, and up to 2 X 107¢ for widely separated stations.
Thus. the delay changes by one symbol time in 10® to 10?
or more symbols In each channel-0 symbol time, there is
almost always one channel-1 symbol. but occasionally there
are zero or two channel-1 symbols.

The Delay Card operates synchronously with the symbol-
stream clock from channel-0. A clock at four tumes the
symbol-0 clock 1s input to the Delay Card. This clock is
divided into four phases. a read phuase. two write phases
(W0 and W1). and a do-nothing phase.

The operation for channel-0 symbols 1s straightforward.
During each channel-0 symbol time. the newly arriving symbol
is written into the buffer on write phase W0, and one symbol
is read out on the read cycle.

The situation for channel-1 input 1s more complicated.
The channel-1 symbols arrive asynchroqously to the times-
four clock. Tiey are first synchronized to that clock using a
shift register. As the channel-1 symbols are synchronized, a
Data-Ready signal is generated for each symbol. Then. on the
next write phase, either WO or W1, the symbol is written into
the channel-1 buffer and the Data-Ready signal is turned off.
Thus, there are two opportunities to write into the channel-]
buffer during each channel-0 symbol time, but 0, 1, or 2
writes occur depending on the number of channel-1 symbols
arriving

One symbol is read out of the channel-1 buffer on each
read phase, i.e., at the same instant as the corresponding
channel-0 symbol is read. The synchronization delay for
channel-1 is denoted by €. The FIFO buffer delay is k; + k - €.
Finally, the differential delay between the two channels is £,
as desired.

B. Multiplier—Adder Board

The Multiplier-Adder Board performs the weighting of the
symbol streams and summation of the weighied streams to

produce the combined output. This card 1s similar to the BBA
Multiplier-Adder Board (MAB), with a minor modification to
enable 8086 addressing rather than 8080 addressing. The MAB
can combine up to four symbol streams and can be used with
an additional MAB to combine up to eight streams. The card
performs 8-bit multiplication on input data streams with
welghting function values mput from the 8086 over the multi-
bus. The card then performs sums on these data to produce
the combined results. In addition. the MAB provides circuitry
for capturing either input data to the card or data at a selected
point in the computation and transferring these data over
the multibus to the computer. This enables the software to
acquire the symbols for use in the cross correlation and SNR
estimation computations. The weighting coefficients are
returned to the MAB from the software.

C. Interface Assembly

The nterface assembly provides two interfaces between
the SSC Delay Card and the microwave hnk or a local symbol
synchronizer assembly (SSA). The interface assemblies also
generate psuedorandom test patterns for self-test of the data
paths, under computer control

For flexibility and reliability, both interfaces can input
either SSA or microwave link data. The interfaces use Zilog
28530 Serial Communication Controllers for parallel-to-
serial and serial-to-parallel conversion, and Computrol modems
for FSK modulation and demodulation of the microwave link
signal. The Z#530 15 used to send and receive the streams
using a standard SDLC protocol.

IV. Software Description

The SSC software is composed of modules that perform
operator interfacing. calculation, and control functions. The
software organization is shown in Fig. 4.

The operator communicates with the system through a
sertes of menus and prompts. After the operator has made the
necessary key-ins and has selected the option to align the
incoming data streams, the program takes cver. First, the
SNR Estimation Module computes SNR estimates and com-
biner weight values. Next, the Delay Calculation Module
computes delay values from the input antenna predict infor-
mation. These values are used to initialize the boards. Then
control passes to the Alignment Mcdule, which consists of
the Correlation and Control Submodules. Control passes
between these submodules until the streams are aligned or
the uperator intervenes. During the alignment process, oper-
ator displays including SNR estimates, correlation values,
and delay estimates are constantly updated.
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A. Environment

The program operates under the CP/M-86 operating sys-
tem. As much software as possible is written in Pascal MT+86,
with low-level interface routines written in 8086 assembly
language. In critical areas where bottlenecks might occur,
assembly language 13 used for speed.

B. Operator Interface

The operator has the option of using built-in default
values or entering his own values for most system variables.
Variables such as SNR estimates or anterna pointing predicts
can be entered through the keyboard or from a data file that
the operator specifies. Upon power up, the operator can
enter either a test mode or the Real Time Combiner (RTC)
imode. From the main menu the operator can also display
system date and time. The SNR Estimation and Delay Calcu-
lation Modules can also be run individually with results dis-
played to the operator, for testing. Operator displays take the
torm of changing real time displays that can be viewed during
the test mode or the RTC mode. Operator control is main-
tained via the keyboard.

The ability to wnte test data to disk 1s available 1n either
the test mode or the RTC mode. Data written to disk consist
of system variables. raw data. combined data. computed
results, ume, date. test identification. such as test name or
number, and a small field for comments.

C. Mathematical Moduiles

There are three mathematical modules, the Delay Calcu-
lation Moduie. the SNR Estimation Module. and the Align-
.nent Module.

1. Delay Calculation Module. Due to the geographical
separation of the receiving stations, spacecraft signals arrive
at one station later than the other. That delay and the delay
assoctated with transmutting the received data stream from
one station to the station ac which the SSC equipment s
located require that one stream be delayed to allow proper
alignment with the other stream. The Delay Calculation
Module takes as nput two DSS station names and antenna
pointing predicts associated with each station. The geometrical
delay is calculated using the predicts and the baseline vector
between the two stations. It is necessary to perform this
calculation only for acquisition because the hardware main-
tains delay synchronization after acquisition. Transmission
delay time between stations and cabling delay times for each
station are also accounted for. A database containing this
informatjon is maintained on disk.

2. SNR Estimation Module. The SNR Estimation Module
computes an estimate of SNR for each incoming data stream.
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Using a number of raw data samples from the MAB, 1t com-
putes an estimated SNR and then weighting constants tor
each data stream. It also computes the output SNR. The
algonthims used are those developed by Q. D. Vo (Ref. 3).

3. Alignment Module. The Alignment Module consists of
the Correlation Module and the Control Module that uligns
the data streams. It accepts delay estimates from the Delay
Calculation Module for mitial ahgnment. It then uses the
Correlation Module to determine the exact delay, which will
be close to the delay input from the Delay Calculation Module.
and aligns the symbol streams accordingly.

The Correlation Module reads the two symbol streams from
the MAB. correlates them, and decides if the streams are
aligned. This decision 15 based on a correlation threshold value
which can be changed by the operator If the streams are
ahgned. then this program 1s left and the tracking/combining
mode 15 entered. It the streams are not aligned. then the deiay
15 changed by a sottware algorithm, and the process 1s repeated
until alignment 1s achieved

The Control Module takes delay values from the Correla-
tion Module and computes values for the read and write
counters for the registers on the Delay Card. It stops the
delay function on the card. resets the counters to the desired
values, restarts the delay function on the card. and returns
to the Correlation Module. It also accepts new weight values
from the Correlation Module and loads them to the MAB.
During the alignment process, this module forms the one
control point for access to both the MAB und the delay card.

D. Interface Modules

The two main interface modules are the modules that
communicate with the MAB and the Delay Card. They per-
form the low-level control functions to pass data and com-
mands between the high-level PASCAL software and the
hardware. The MAB can operate in a test mode or a combiner
mode. In its test mode, outputs to the board consist of start
and stop test commands and values for the on-board test and
weight registers. Input from the MAB in 1ts test mode conists
of intermediate and final results from the adder trees and
status information. Qutput 1n the combiner mode to the bourd
consists of multiplier constants for the weight registers, and
input consists of the raw data symbols, intermediate adder
tree results, and combined data symbols.

The Delay Card is contiolled by outputs to the card con-
sisting of values loaded into the read and write counters for
each delay buffer and commands to enable or disable the
delaying function of the card.

Testing of both the interface modules and the cards them.
selves is controlled by low-level menus built into the software

- - . -



G

e gy <~
Tk, v v o e

modules. The Delay Card test menu allows the operator to
load the read and write counters for each channel directly and
to enable or disable the delaying function for each channel.
The MAB has the circuitry on board to generate its own input
to the adder tree. A static test or a dynamic test can be con-
ducted. Intermediate results can be read from seven different
points in the adder tree.

There are two other smaller hardware interface modules.
One allows the operator to view and change the system date
and time which are maintained on the Timing and Control
Unit (TCU) board. The other interfaces the two HP 3314
Function Generators via two SBX488 GPIB modules. This
allows the function generators to be under program control.

V. Preliminary Demonstration Plans

Initial demonstration of SSC is planned tor the first quarter
of calendar year 1985, using DSS-13 and DSS-14. Prior to
the first combining demonstration. the SSC will be laboratory-
tested, and the microwave link interfices and other station
interfaces will be checked out. Severul SSC demonstrations are
planned for the first half of 1985.

The desired operating conditions are that the symbol SNR
at DSS-14 be approximately -2 to +3 dB. and that the symbol
SNR at DSS-13 be approximately -10 to -5 dB, Thus. the
breadboard of the advanced ieceiver telemmetty processor 1s
required at DSS-13 in order to achieve subcarrier and symbol
synchronization at low SNR with low degradation. If the
advanced telemetry processor breadboard is not ready when
desired. an alternate configuration using DSS-12 and 1ty
standard «elemetry processing system will be used for a first
demonstration. This would demonstrate the SSC technique.
but not the ability to use ¢ very low SNR station. The low
SNR capability would be demonstrated when the advanced
telemetry processor breadboard becomes available.

Tentative plans are being developed to use the SCC during
Voyager Uranus encounter 1n January. 1986. This usage could
be 1n a backup mode to BBC between Goldstone stations or
could be to array Owens Valley Radio Observatory or DSS-13
into the Goldstone array. Either configuration would be on a
nonoperational basis.

A major goal of these demonstrations 15 to make symbol-
stream combuung a viable option for implementation of
Interagency Arrayng for the Voyager Neptune encounter.
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In this paper, a new crror-trellis syndrome decoding technique for convolutionai
codes is developed. This algorithm is specialized then to the entire class of systematic
convolutional coaes. Finally. this algorithm is applied to the high-rate Wyner-Ash convo-
lutional codes. A special example of the one-error-correcting Wyner-Ash code, a rate 3/4
code, is treated ir: this paper. The error-trellis syndrome decoding method applied to this
example shows in detail how much more effici- nt syndrome decoding is than, say, Viterbi
decoding, if applied to the same problem. For standard Viterbi decoding, 64 states would
be required, whe:eas in the example only 7 states are needed. Also, within the 7 states
required for decoding, many fewer transitions are needed between the states.

l. Introduction

This paper outlines a simplification of previous syndrome
decoding meihods (Refs. 1. 2) for convolutional codes (CCs).
The new method involves finding minimum error paths in
what is called an error tree, or its more compact equivalent,
an error trellis. As will be shown, the computation of the
error trellis is accomplished by finding the sclution of the
syndrome equations explicitly in terms of the received coded
sequence. The error trellis is a graph of all path solutions of
the syndrome equations. This new procedure for finding the
error trellis differs from previous methods in that it does not
involve an explicit computation of the syndrome.

After the error trellis has been computed, the minimum
weight path in the error treilis 1s found by any one of many
minjmization techniques, including the Viterbi and sequential
minimum-path-finding techiiques. The minimum error path
that is found by cuch a minuization of the path weights in
the error trellis is shown .0 be a best estimate of the correction

122

e g P cn T s »

factor needed to correct the “noisy” message. Such a noisy
message is obtained by the Massey and Sain method (Ref. 3)
of applying the right inverse of the generator matrix to the
received coded message.

Development of the new error trellis syndrome decoding
scheme is followed by a discussion of its application to high-
rate systematic convolutional codes. This application to high-
rate CCs shows the real advantage of syndrome decoding over
Viterbi decoding of CCs in terms of reduced complexity.

Il. Syndrome Decoding With the
Error Trellis

This section provides a brief development of the concepts
of a convolutional code (CC) needed for systematically con-
structing an error trellis for minimum-error-path decoding.
Here, only a brief synopsis of these concepts is given, enough
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to systematically construct an error tree or trellis without
resorting to the intermediate step of computing the syndrome.

The inputs and outputs of an (n, k) CC can be represented.
respectively, as D-transforms,

x(D) =3 xD (1)
1=0
and
o) =3 50 (2)
j=0

of the input sequence of k-vectors of formx; = [x;, x,, ...,
xkl-] and the output sequence of n-vectors of form y; =
[yll., Vajo « - - ,ynl.], where x,; and y,; belong to a finite Galois
field F = G(q) usually restricted to the binary field GF(2) of
two elements, and D is the delay operator. The input x(D)
and the output y(D) are linearly related by means of a k X n
generator matrix G(D) as follows:

y(D) = x(D) G(D) (3)

where the elements of G(D) are assumed usually to be poly-
nomials over the finite field GF(q), where g is the power
of a prime integer. The maximum degree M of the polynomiai
elements of G(D) is called the memory delay of the code. and
the constraint length of the code is k =M + 1.

In order to avoid catastrophic error propagation, the
encoder matrix G(D) is assumed to be basic (Ref. 3). This
means that the Smith normal form of G(D) is

G=41[,0)B (4)

where 4 = A(D) is a & X k invertible matrix with elements
in £[D]. the ring of polynomials in D over F, and B = B(D)
is an n X n invertible matrix with elements in F[D]. The
elements of the inverses A~ and B~ of matnices 4 and B,
respectively, are polynomials in F [D] (Ref. 4).

By definition, the parity check matrix associated with
G = G(D) is any full-rank (n - k) X n matrix with polynomial
elements in F [D] which satisfies

GD)HT (D) = 0 (5)

where T denotes matrix transpose. A modification of the
method of Forney (Ref.4) is used to find 4. The method

involves a partitioning of matrix B in Eq. (4), as well as its
inverse B~!. That is, let

Bl
B = (6)
BZ
and
B~ = [B,B,] (7

where the first k rows of B ccnstitute the submatrix B, and
the remaining (# - k) rows are the matrix B,, and where,
likewise. the first k columns of B~' constitute the submat:ix
B, and the remaining (n - k) columns are the matrix 52.

Since B times its inverse 87! is the n X n identity matrix,
the following identities evidently hold:

BB =1 )
B, 32 =0
(8)
B,B, =0
B2B2 =1n-k

In terms of the partition in Eq (7), the Forney parity-check
matrix is defined by

H =BT Q)
It is readily verified using Eq. (4) and the identities of Eq. (8)
that Eq. (9), in fact, satisfies Eq. (5), the requirement for #
to be a parity-check matrix. It should be noted that the
parity-check matrix is not unique. For example, it can be
shown that H = C Bg' is a parity-check matrix where C 1s any
(n - k) X (» - k) invertible matrix with elements in F[D].

For an input message x(D). as defined in Eq. (1), the
encoded message or code sequence is y(D) as generated by
Eq. (3). Suppose that y = y(D) is transmitted and z = z2(D)
is received. Then, the transmitted and received sequences are
related by

z(D) = y(D) +e(D) (10)

where e(D) is the D-transform of the eiror sequence. The
syndrome of the received code z(D) is

s(D) = 2(D)X HT (D) (11)
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If y(D) in Eq (3) is substituted in Eq. (10). then the
syndrome, computed in Eq. (11), satisfies. by Eq. (5).

s = - HT

xG+e)HT

it

I}

eHT (12)

This is the syndrome equation for the error sequence e = e(D).
The syndrome equation. Eq. (12), shows that the syndrome
computed 1 Eq. (11) is functionally independent of the
onginal transmitted code y(D) as well as the original message
x(D).

The problem of syndrome decoding of convolutional
codes is, as for block codes, to solve the syndrome equation.
Eq (12). for the set of all possible solutions e = e(D) 1t has
been shown (Ref. 1) that this set of solutionsisa sset of the
set of all codewords.

To explicitly solve the syndrome equation, Eq. (12). sub-
stitute / as given by Eq. (9) 1n Eq. (12), thereby obtaining

B 0
s = eB, = e8! (13)
In—k
where / _, is the identify matrix of (1 - k) rows. In Eq. (13).
let

€=eB ! (14)

so that Eq. (13) becomes the simple equatict.

O |
s =€ (15)
‘,n—k__l
where s = [s. s “,_,s"_k] and € = [€,. €,. .. .. €,] The

general solution of Eq (15) over the nng F[D] is given
evidently by

[, €. .. &l = [r,.ry.. ..n ) =7
[ek”.e“z....,en] = [". 2.....sn_,\]
=5 (16)

where T, = 7.(D) are arbitrary eleinents in F[D]. Thus, more
compactly, tfxe general solution of Eq. (14) is
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eB™! (17)

where 7, as in Eq (16). 1s an arbitrary k-vector with elements
n the ring £'[D] Finally. a multiplication of both sides of Eq.
(17) by B yields

¢ = €B
Bm
= [rs]
Bz
= TBl +sB2 (18)

in terms of submatrices B‘ and B2 in Eq. (6) as the most
general solution of the syndrome equation. Eq. (12).

The general solution. Eq. (18). of the syndrome equation
can be expressed in a rumber of different forms. For example.
it can be put into canonical form originally found heuristically
by Vinck, De Paepe. and Schalkwijk (Ref. 4). Towards this
end. note from the identities in Egs. (8) and (9) that BZT is the
left inverse. denoted by /™!, of the parity-check matrix H.
Hence.

B, =)y (19)

Next, note from the Smith nonnal form in Eq. (4) of a
basic encoder that

A7G

n

0] B
= B, (20)

A substitution of B, in Eq. (20) and B, in Eq. (19) into
Eq (18) yields

e=714"'G + s(H")T (21)
Since 7 is an arbitrary k-vector of elements in F[D].
t=714"" (22)

is also an arbitrary vector of polynomials in F[D]. Finally,
substituting ¢ in Eq. (22) into Eq. (21) yields,

e = 1G+s(H )T (23)

as the general solution of the syndrome equation, Eq. (12),
where G is the k X n generator matnix, /! is the left inverse

T >
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of the panty-check matnx, s is the «# - k) component syn-
drome computed by Eq. (11). and ¢ is an arbitrary k-vector
with elements in F[D]. The above proofis a simplification of
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T=1(D) is the D-'ransform for which |l e [l = || G +z R |} is

minimum, then
e=rG+zR (28)

a more general version, given in Ref 2. of the Vinck. de Paepe,
and Schalkwijk identity heunstically established in Ref. 4.
Herein, it is desired to put Eq. (23) in a form which makes it
possible in the syndrome decoding process to bypass the
explicit computation of the syndrome s(D).

Towards this end. substitute Eq. (19) into Eq. (23) and, by
Egs. (9) and (11). the quantity 2 B for the syndrome s. These
substitutions yield

e =16 +z(B2 B,) - (29)

in terms of received sequence z as the general solution of the
syndrome equation.

_ In Eq. (24), let R be the n X n matrix B, Bz' since B, and
B, have ranks (# - k). it can be shown that the matnix R =
B B . where B, and B, are defined in Eqs. (6) and (7). re-
spectxvely also has rank (n - k). Subsututing R into Eq. (24)
yields

e = 1G +2R (25)

as the general solution of the syndrome equation. Here, R 15
the n X n, rank (1 - k) matrix

R =5 B, (26)
¢t is an arbitrary k-vector of elements in F[D]. and Z is the
D-transform of the received sequence.

Let 2(D) be any finite-length received scquence. By the
maximum likelihood principle. the most likely error sequence
is the one with minimum Hammn.ing weight. Given z(D), the
sequence e(D) with minimum Hamming weight is found by
minimizing the weight of the right side of Eq. (25) over all
polynomials (D) in F[D] . That is,

minflell = min|[tG+zR ||, teF[D] (27
where z = z(D) is the D-transform or polynomial of any finite-
length received sequence and || x || denotes the Hamming
weight or *norm” of an element x =x(D) in F[D].

The minimization required in Eq. (27) is analogous to cer-
tain optimum nulling techniques in control theory. The
sequence r(D) = z2(D) R(D) is the error sequence for ¢(D) = 0.

What one attempts to do in Eq. (27) is to find that sequence T

which, when encoded as 7 G and subtracted from r(D), yields
the sequence € of minimum Hamming weight. That is, if

. g —— e = -, -

is the D-transform of the minimum-weight-possible error
sequence.

By Eq. (4), the right inverse G
Gis

of the generating matrix

G! =p! A™! 29)

This is verified by multiplying G in Eq. (4) on the right by

' in Eq. (29). Multiplying both sides of Eq. (28) on the
right by G™! in Eq. (29) yields, by Eqs. (7) and (8), the
identity

-~ _l - ~ "’ -1
eG™ = [’G“Bsz] G
I

k
= T4aR 5 -1
=1+z8,B,[B.8B,)] A
0
]k
= 7 n -1
=t+z8, (0.7, ] A
0
=7 (30)

By Eq. (10), the subtraction of € from z produces a best
estimate 3 of the transmitted code. i.e.,

P=z-¢ 3D

The best estimate 3 of the code, if multiplied on the right by
G, yields

x=756"! (32)

which is the best estimate of the original message. Hence, sub-
stituting Eq. (31) in Eq. (32) and using Eq. (30) produces

=(@-?9G™!

-~

=G -7 (33)
This important identity shows that 7 = §(D), obtained by the
minimization in Eq. (27), is a correction factor to the standard

method of recovering the message from z = z(D) if z were
noise-free.
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In the following section, the techniques of performing the
minimization 1 Eq. (27) for finding € and 7 are discussed.
Among these methods are the Viterbi dynamic programming
algorithm and some of the sequential decoding techniques.
Then. the syndrome-decoding aigorithm described above is
applied to systematic high-rate CCs and, in particular, to the
one-error-correcting CC developed originally by Wyner and
Ash (Ref. §).

lll. Syndrome Decoding of Systematic
Convolutional Codes

The results of the preceding section are now applied to
systematic convolutional codes. The generator matrix for a
systematic CC has form

GD) = . P(D)] (34)

where /, 1s the k X k identity matrix and P(D) isa k X (n - k)
matrix of polynomials over GF(q) in the delay operator D.
Again, as 1n the general case, the maximum degree M of the
polynomuals in P(D) is called the memory of the code and
K =M +1is the constraint length.

A parity-check matrix associated with G(D) in Eq. (34) is
the (n - k) X n matrix.

HD) = [-PT(D).1 _,] (35)

n-k

This follows from the fact that H(D) has rank n - k and that it
satisfies Eq. (5).

The Smith formal form of Eq.(34) is. by Eq. (4),

G=4,.0]B
lk,P
= .00, (36)
n-k

where P = P(D), the matrix of polynomials in the generator
matrix G(D) in Eq. (34). Hence, for a systematic code, 4 =1,
and

B = (37

Because of the triangular form of B, the inverse is readily
found to be
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B! = (38)
which actually equals B when the field of coefficients is the
binary field GF(2).

The partitions. given in Egs. (6) and (7). of B and B™!.
respectively, are, for a systematic CC,

Bl
B ]
B2

where .
B, = . PD)]
(39)
B, =[0.1,_,]
and
{ - =
B = [B, 82]
where
_ 1, :
B = .
1
[ 0
- (40)
- -P
41‘32 = )
Ln—k
Note that the parity-check matrix found by Eq. (9) from B,
in Eq. (40) actually equals the parity-check matrix found
already in Eq. (35) by satisfying Eq. (5). As a consequence, f
for a systematic CC. the syndrome s in Eq. (12) is X
s=zHY
-P
=z
In—k
-P
< lz,,.2,]
In-k
=~z (D)P(D)+ zp(D) (41) \
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where z (D)) is the message code vector of kK components,
possibly coriupted by noise, and z_(D) is an (n - k) compo-
nent vector of parity symbols, also possibly changed by chan-
nel noise

Next, by Eqgs. (39) and (40), the matrix R in Eq. (26) is
given by

P
"

B, B,

[-F

= [0.7,_,]
I

L n-k
" 0,-P

= 42)
0.1

- n-k

Thus, for a systematic CC, the general solution, Eq. (25), of
the syndrome equation, Eq. (12), is, by substituting Eqs. (34)
and (42) into Eq. (25).

I

tG+zR

0,-P
r[lk,P] +z
0.7 _.
n-x

-P
[t1,. tP(D)] + O,z[ ]
1

n-k

el)

[#D).(t(D) -z, (D)) P(D) + :p(D)] (42)

where z (D) is the received message sequence “in the clear,”
z (D) is the received parity sequence of the CC, and (D) is an
efement of F{D]. By Eq. (41), the above general sclution, Eq.
(43), of the syndrome equation for a systematic CC can be
expressed in the alternate foom

e(D) = [1(D), 1(D) P(D) +5(D)] (44)

where s(D) is the syndrome, computed by Eq. {(41) in terms of
zm(D) and zp(D).

The “‘best” correction fector T(D) for all systematic CCs is
found, as in Eq. (27), by minimizing the Hamming weight of

e F A VRN S NIy Tl AR s =~ »

e(D), given in Egs. (43) of (44). For low-rate systematic CCs,
this minimizauion can be taken over F[D]. whereas for high-
rate systematic CCs, this minimization need only be accom-
plished over a small subset, call it £, of F[D], defined by
error-bound constraints of the particular CC. This latter fact
for high-rate systematic CCs will be demonstrated for the one-
error correcting Wyner-Ash CC (Ref 6). It is the very small
size of the set £ compared to the set F[D] which makes
syndrome decoding more efficient than the classical maximum
likelihood method for decoding CCs.

Let € denote the error sequence of tae solution. Eq. (42),
of mimmum Hamming weight. and let 7 be the element 7(D) e
F(D), for which the Hamming weight of e(D) in Eq. (43) or
Eq. (44) is mmimum, Then, by Eqgs. (43) and (44), as in Eq.
(28), ¢ and 7 are related by

Q)
]

[t (1~ zm)P+zp|

[F.TP+5] (45)

By Eqgs. (29). (36). and (38). the right inverse of the gener-
ator matnx G 1n Eq. (34) is

Ik
G™! = B!
0
L. -P|[,
L0 I,_,|Lo
I
= (46)
[ 0

Hence, by Egs. (45) and (46), the relation
667 =7

given in Eq. (30). also holds for systematic CCs. Again, the
subtraction of € from z produces

v

~
r=z-e
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as the best estimate of transmitted code, so that

X=5G"!
=(z-2)G™!
=2G7'-T
1, )
= [:m.zp] . !
=z, -7 (47)

as the best estimate of the received message in terms of 2, the
received message “'in the clear.” and the correction factor, ¢.

IV. Error Trellis Syndrome Decoding of
Wyner-Ash Convolutional Code

The Wyner-Ash one-error correction codes were first de-
fined in Ref. 5. A more modern and undesstandable develop-
ment can be found 1n Blahut's recent book (Ref. 7). Instead of
defining the CC only in terms of 1ts nfinite generator or
parity-check matnx, as is done m Ref. 7, here the infinite
matrices are converted first into compact matrices in terms of
the delay operator D, If

G(D) = Gy +G D+ ... +G D™ (48)

1s a generator matrix of a CC of memory M =m, as defined in
Eq. (3). then evidently

(6, 6, ¢, .. ¢ 0 o

0 GO Gl (;2 . Gm 0
G =

o 0 G G G .G,

(49)

is the infinite generator matrix associated with G(D). Thus. a
systematic code with generator matrix G(D) = [/,.. P(D)] has

128

I, Py O P 0 P, o’
l, Py O P 0 P, 0o r
G =
L, P, 0 P 0 P o r,

(50)

as its companion infinite generator matrix, where

P(D) = P, +P, D+....P, D" (51)

where 0 1s the £ X k all-zero matnix and P, are k X k (n - k)
matrices. Since. by Eq. (35). H(D) = [-PT(D). 1,_,] 1s a
panity-check matrix of G(D). given above, the associated
infinite panty-check matrix 1s

m

P! 0

m

m

(52)

The results in Egs. (50) and {52) are given in Ref. 6 in the
same notation.

In terms of Eqs. (51) and (52). Blahut detines an (n, k) =
(2m, 2m - |) Wyner-Ash code as follows: Let H! be the
parity-check matrix of the binary (2™ - 1 2" - 1 - m)
Hamming one-error-correcting block code. Choose matrices

P PT L Pl to be th m rows of the parity-chech matrix
H! ie.,

k]

e
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Blahut shows (Ref 7. Theorem 12.5.1) that the minimum
distance of the Wyner-Ash code is 3 and. as a consequence. 1t
will correct at least one error. To understand this code in more
detail and to apply the decoding technique developed in the
last section to it, consider now an example form = 2.

Example: The m = 2, the panty-check matrix of the Ham-
ming code, 1s

110
HY =
101

so that, by Egs. (53) arld(54),l’g=[l 11].PT=1110).
and P4 =[1 0 1]. Thus. by kgs. (51).

1 +D+ D*
PD)y= |1 +D

1 + D?
and. by kqs. (34) and (35),

L1 v D+ D?

GD)=|010.1+D

001, + D?

and

HWD) = [1+D+D* 1 +D 1 +D? 1] (55)

e e awPepeem Te o B

are the generator and parity-check matrices of the (4, 3)
Wyner-Ash CC, respectively. Also, by Egs. (37) and (38)

B=8"'

1. P(D)

0.7

-

n-k

100, 1 +D + D?
010.1+D

001.1 + D?

000 1!

-

so that, by kgs. (39) and (40), B, = [0 0 0 1] and B, =HT
and. finally, by Eq. (42),

[000 1]

000. 1 +D+D?

000.1+D
= (56)
0no,1 + D?

000 1

The above results for this 3/4 rate CC can new be used to
explicitly obtain the general solution (D) in Eq. (43) of the
syndrome equation. This is accomplished by substituting Egs.
(55) and (56) into Eq. (25) or directly from Eq. (43). The
result is

e(D) =¢ [el,ez.c3, 04]

lr.(, +z,) (1 +D +D?)
t(1, t2,)(1+D)
(57)

H(ty +2,)(1+0%) +2 ]

129

- - - = o -~



<+

Al " wi

"

{l Ot
.
d
[

where

t(D)

1}

-

t
—_

=

~

-

w

—

(58)

By Eqs. (41) and (44), e in Eq. (57) can also be expressed
more compactly as

e = [tr+s) (59)
where s is the syndrome,
s(D) =s=2z(1+D +D2)+22(l +D)
+2,(1+D%)+z, (60)
and
rD)y=r=1t(1+D +D2)+t2(1 +D)
+1,(1+D%) (61)

Note that the term /(D) = r in Egs. (59) and (61). in order to
minimize the Hamming weight of e(D), must be chosen to
“cancel s(D)” in Eq. (59). For this reason, one might call (D)
the regulator needed to cancel the syndrome s(D).

Now, the formal power series for e(D) in the delay operator
is explicitly

e(D) = [e,(D),e,(D),... e (D)]
=3 e, ey re, ) D (62)
1=0

Define the truncation of e(D) at stage or frame time N 1n
terms of Eq. (62) as

N
leD)],, = E O (63)
j=0

Thus, the Hamming weight of the sequence of possible errurs
in N frames is

N

I D)yl = 3 llle,, e

/=0

el ll

N
=3 coef (e(D)] I (64)

/=0 D
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where the jatter expression under the summation is the Ham-
ming weight of the coefficient of the jth power of D.

By Egs. (57) and (64) for this particular example of con-
volutional code,

coef [e(D)] = [r”., Lty r,+s,] (65)

]
D’

where

(66)

+z (67

is the syndrome function at frame j in terms of binary vari-
ables 7, and Z defined by,

D) = 3 Ity by 1)

z2(D) = Z CHFE S z"’.]D’

Note in Eq. (66) that r; is a function of t; = [l”. Ly 13,.].
Gy = [tyyen g Gl and gy = o000 0
t”_z]. That is, at frame j, T is a function of 1 at frame j; a
function of 4 at frame /- 1; and a function of t_, at frame
j- 2iie.,

nE ) (68)
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If the values of the regulator function r, at frame j are imag-
ined to be generated by a sequential circuit, then the pair

= WL
9; (”I/—I ,/_2) (69)
constitutes the values of the interna. state of the circuit and
vector ¢, is the jth input to the circuit.

Let the sequential circuit with output
u = [{I, r (. ol.)] (70)

be the regulator circuit of the decoder, where o; is the internal
state defined by Eq. (69). Also, call the set of all allowable
paths generated by Eq. (70) the regulator tiee or trellis.
Finally, by Eq. (59), the error trellis of the code is, for all
paths generated,

vo= s +r(t.0)) (71)

Vo illustrate the above concepts, let thz . to the

present example of the (4, 3) CC be

x={111,000111000 111)

ie,x =[10101] = x, = x,. By the generating matrix
given in Eq.(55), the outputy = [v,, y,, v, ¥, ] is obtained
in what follows: y =y, =y =2 = (10101], andy, =
(1+D+D*) x +(i +D)x, +(1+0% v Expiicatly. y, is
computed from this relation as follows:

x 0 10101
Dx: 10101
D’ x, : 10101
x,: 10101
Dx,: 10101
x;0 10101
D*x, : 10101

¥, =11010100]

Thus, the output of the encoder is

i

y=[111100001111,
(72)
0000111 1]

Assume y, given in Eq. (72), 1s transmitted over a binary
symmetric channel with probability of error somewhat less
than 1/12 = 0.0833 .... Then, suppose that the received
coded sequence is

z=(1101,0000,1111,
(73)
0000011 1]

ie.z, =[10100].2,=[10101].z,= [00101] and
z, =[101 0 1]. By Eq. (60). the syndrome sequence for this
value of received sequence is computed to be

s={1010111) (74)

by the same method used above to obtain y,.

It is shown in Ref. 7 (p. 366) that the rate 3/4 code of this
example can correct one error in every 3 frame times or code
length of 12. As a consequence, one needs only to correct one
error every 3 frames. This limits the number of values of
t=[t,. t,, 1,] t0 4 namely the values

[0 0 0]

I
]

0, [100] 1

(75)

i}

2, [c0:] =3

I

[010]

Note that the four values of ¢ in Eq. (75) allow for, at most,
one error, an. that these four values are conveniently labeled
by the integers £=0.1, 2, or 3.

Figure 1 shows a constrained regulator trellis with outputs
[t. r]. In Fig. 1, note that, because of the limited error-
correction capability of the code, the number of internal
states 0 = (Dt, D?1) of the regulator circuit can be limited to
7 out of a possible 64. Moreover, the number of state transi-
tions can be limited to those shown in Fig. 1 for the regulato
trellis. The branches of the regulator trellis are labeled with
the value [t, 7]. For example, the branch from state ¢ = [0 0]
to 0 = |3 0] is labeled by [z, 7] = [3. 1] =[0,0, 1, 1], which
means?, = 0.1, =0, = l,andr=1.

To decode the message in Eq. (73), by Eq. (70) an error
trellis is created by adding the vector [0, s] to all labels in
the regulator trellis where s is the syndrome value. Thus, in
Fig. 2, the values of [0, s]. where s is the syndrome value in
Eq. (74), appear on all possible transitions ¢ = [0 0] to 0 =
[0 0] on the top line of the error trellis. At each node, the

3N
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cumulative Hamming weight of the path, passing through that
node, is written.

The Hamming weight at each node. plus the weight of a
possible branching from that to the next node, is used to
eliminate branches. The techmque 1s similar to the method in
Viterbi decoding for eliminating branches. To illustrate, in
Fig. 2 there are four branches at Frame 2 which could go to
state or node ¢ = [0 0]. The transition 1s chosen as the branch
from o = [0 3] to 0 = [0 0] since the node weight 2 plus
branch weight 0 1s 2, the munimum of the 4 pussible
transitions.

The minimum overall path weight of the error trellis n
Fig. 2 is

[00.30.03.00.00,10,01.0¢t 00

W terny of state values v = D, D*i. Hence, based on the
criterton of Eq. (27). the best estimate of 115

-~
1]

[3.0.0.0.1.0,0.0]

[001.000.000.000,

100.000]

If this vector is added component-wise to z in kq (73). the
message is corrected to yield X = x. the original message.

to

wh

6.
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Coherent Digital Demodulation of a Residual
Carrier Signal Using IF Sampling

R. Sfeir, S. Aguirre, and 'N. J. Hurd

Communications Systems Research Section

Analysis is presented of an all-digital technique for the coherent demodulation of a
residual carrier signal with a biphase modulated square-wave subcarrier. The processing
technique, propoused for use in the DSN advar.ced receiver, employs the concept of IF
sampling. It also uses an optimum Costas loop for subcarrier demodulation and data-
aided carrier tracking, i.e., combined Costas and residual carrier tracking. It is shown that
the loops perform essentially the same as the corresponding analog loops in terms of
signal-to-noise ratio and loop bandwidth. Furthermore, the sampling dves not introduce
biases vr other sigmificant effects vi. the loops provided that the loop bandwidth is very
small compared to the symbol rate, and that the number of samples per symbol is large

compared to inverse loop bandwidth.

I. Introduction

The ever iucreasing advances in LSI and VLSI technology
make possible the use of digital integrated circuits 1n real-time
processing areas that were previously implemented with analog
circuitry. This paper desciibes a digital implementation pro-
posed for the DSN Advanced Receiver to avoid the inherent
problems associated with anaiog systems such as dc offsets
in the mixers and amplifiers, the need for calibration and
adjustments, and less reliability, versatility, aud flexibility
than digital systems.

Two families of configurations have been considered for
the design of the proposed advanced receiver: one associated
with I-Q baseband sampling and another associated with IF
sampling. In the first one, the sampled 1 and Q channels are
generated first by demodulating by two in-quadrature refer-
ence signals and then sampling with two in-phase samplers;
in the second, we first sample at IF and then demultiplex

L Lt e waPegen fy o B

into baseband I and Q samples. The IF sampling configuration
was chosen for three main reasons. First, it overcomes the dc
offset problem of baseband systems, which is a serious prob-
lem in pliase detection at low signal-to-noise ratins, Second.
the hardware is simpler and dc amplifiers are eliminated.
Third, the implementation concept 1s not proven. and is thus
deserving of analysis and demonstration. One complexity and
potential disadvantage of IF sampling is that the samples are
offset from each other by one-half sampling period. It is
shown that this [-Q offset inherent to IF sampling has no
significant effect on the loops’ performances.

The digital system employs synchronous bandpass sam-
pling for the coherent demodulation of a residual carrier
signal biphase modulated by a square-wave subcarrier. The
receiver uses a PLL to track the residual carrier phase, an
optimum Costas loop with integrate and dump filters for
subcarrier demodulation, and a data-aided loop for improved
tracking performance of the carrier phase.
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Il. Functional Block Diagram
and Description

Figure 1 shows the functional block diagram of the pro-
posed receiver. The received signal is at an intermediate
frequency f and contains data that biphase modulates a
square-wave subcarrier. The modulated subcarrier phase
modulates the carrier with a modulation index A. The signal
at the output of the bandpass filter is:

r(r) = /2Psin(w t+AD(1)+6 )+ n(1)

where

r(t) is the recewved signal in volts (V)
P is the average signal power in V2

A is the modulation index

D(t) = dir) Sin(w t+6 ) with Sinx =sgn (sinx)
dy = Y a plt-2T).a, =1 with equal probability

= —eo

w, 15 the recewved IF frequency in rad/s
90 Is the carrier phase tn rad

w 1s the subcarrier frequency in rad/s
8. 1s the subcarrier phase in rad

n(t) = V2n (1) cosiwt+8)-\2n (1)sin(wr+0)
1s a narrowband white Gaussian noise process
with n_ (1) and n_ (1) being statistically independ-
ent, stationary band-limited white Gaussian noise
processes with one-sided spectral density N
V2 /Hz and one-sided bandwidth W.

T is the symbol time

The bandpass filtering effect on the subcarrier is neglected,
1e., the subcarrier waveform is assumed to be an 1deal square
wave.

The reference signal for carrier lock is a combination of
the sampling clock and the carrter-loop digitally controlled
oscillator (DCO) output signal. The sampling frequency is
de.ived from the symbol synchronization loop and is denoted
by 4f,- The symbol synchronization loop, not considered
here. is assumed to maintain perfect symbol sync, and f is a
multiple of the symbol rate.

The input signal. r(¢), is mixed to frequency f, using the
carrier- Ioop DCQ output signal, whose mstantaneous phase is

wtt 0 with w = w, - w, and 9 denoting the estimate of
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6.. Thus the instantaneous residual cartier phase of s(f) is
denoted by ”nf rtg,, where ¢ = 0 - 0

The IF signal 5(1) is sampled at frequency £ = 47, at
times £, = n/4f0. The mth ocutput of the sampier is multiplied
by exp (jmn/2) and demultiplexed into real and imaginary
parts with the real or m-even samples becoming the Q channel.
and the imaginary or m-odd samples becoming the I channel.

The Q samples ¢, are input to the residual carrier tracking
loop and to the subcarrier Costas loop. The I samples i are
input to the carrier Costas 1 arm. Note that the carrier Costas
Q arm 1s the same as the subcarrier | arm. Sideband aided
carrnier tracking is accomplished by properly combining the
outputs of the residual carrier and the carrier Costas phase
detectors in order to maximize the total loop SNR.

lIl. Residual Carrier Phase Detection
and Tracking

Residual carrier phase detection is accomplished using the
Q-channel samples. The bandpass filtered signal r(r) 1s mixed
against the carrier DCO output signal v/2 cos ((w, = wy)t +
0 ) and lowpass filtered to give:

s(1) = \/Psin(w t+AD(1)+¢)
tn(t)cos(wyt+¢,)-n(t)sin(wyt+¢)
where ¢ =6 -~ §c 1s the carrier phase error.

From the above equation, 1t follows that the quadrature
sampled term 1s:

q, Re {s(m/(4f,)) * exp (jm n/2)}, m=2n

VP sin (AD(nT,) + ¢_(nT,))

tn (nTs) cos (¢, (nTs)) tn (nTs) sin (¢C (nTS)

(1)
and the in-phase sampled term is:
= Im {s(m/(4f0)) cexpymn/2)} m=2n+1
= VPcos(ADT, +T2)+ ¢, (nT, + T,/2))
=n (T + T/2)sin (g, (0T +T/2))
-n (nT: + Ts/2) cos (¢, (nTs + Ts/2)) (2)

where T, = 1/(2f,)).
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The continuous counterpart of the noise portion of Egs. (1)
and {2) 1s essentially white noise with zero mean and one-
sided spectral density Ny

The S curve for the residual carrier-loop phase detector,
i.., the average output of the phase detector as a function of
the phase. is obtained by plotting C(¢_) = £ [q, 1¢ | versus
¢, where E[+] denotes the statistical expectation. From
Eq. (1). and since the noise is zero mean,

C@,)=Elq,le] = /P cos A sin ¢,

which is the expected sinusoidal S curve, and 1s plotted in
Fig. 2.

From Holmes (Ref. 1, Chapter 5). the rms phase error of
a phase-locked loop due to random noise is

2
®

(4

= ] /472
AVO BL’A

o
where No is the one-sided spectral density at zero frequency
at the phase detector output. B, is the one-sided loop band-
width, and A 15 the slope of the S curve at ¢ = 0. It is also
necessary to assume that the noise bandwidth is wide com-
pared to B, .

For the residual carrier phase detector. 4 = /P cos A and

the noise spectral density is the input noise spectral density
or No‘ Thus

2
®

¢

g; = ~OBL/(PcoszA) (3)

This is the same as for an analog loop with the same band-
width.

IV. Subcarrier Phase Detection and Tracking

The subcarrier phase detection and synchronization is done
by means of an optimum Costas loop. The analysis assumes
perfect symbol synchronization and that the residual carrier
loop is locked so that ¢_= 0.

Tne carrier Q samples g, are multiplied in the two arms of
the Costas loop by phase quadrature square-wave reference
signals a. the subcarrier frequency. The products in the two
channels are summed over the symbol times to implement
the matched filters of the optimum Costas loop. The channel
with the reference in phase with the subcarrier is the data
channel.

4 « - \“'“ -
p Aoy

s W)

Let Iq(i) and Qq(i) denote the subcarrier |- and Q-channel
outputs for symbol i, with subscript ¢ denoting the carrier

B |

P PSS v, 22 Tl . i

Wb

Q channel. Then the outputs of the 1 and Q arm filters are
respectively

N
. 1 . 2
]q(l) =N Z q, Sin (T +6 )
n=1
= VP i)+ F(¢, (i) * cos (¢ (i) + N,
+ periodic terms. (4)
I
Qq(i) - V E q, Eos(wsz"lTs+0m)
n=1
= VP (- F, (9,()) * cos(o (i) + N,
+ periodic terms
where the signal terms are:
VP, = «/Psin A = (signal power)/?
;&
d(i) = N Z d(nTs) (5)
’ n-=1
F =] 2 lo.| 0< <
"(¢x) - - ;7- ¢.%‘ ) |¢x| m
2 m
“ 7 O 0<!¢,I<5
Fq(¢x) = , .
- 7“; (7;—¢x)_ 3 <|¢ml<n
and the noise terms are.
;&
N, = % Z n(nT) cos ¢_- n(nT ) sin ¢ ]
n=1
X Sin(w nT +6 )
;&
Nq = -9 E (n,(nT)cos ¢ = n(nT )sin ¢ ]
n=1
X Cos (wnT, + 5x)
!
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with means:
E[Ni] = E[Nq] = EN, °Nq] =0
EWN] = E[N] = M[(2T)

Note that in the previous expressions we have dropped the
variable 1 denoting the ith symbol.

The phase detector output signal is given by:
Z=--Q
= B Fi(9,) F, (0,)+ N, " N,
+VBy  F(9) d N VP F (6,) d N,
+ periodic terms

The periodic terms arise from end effects when there is
not an integer number of subcarrier cycles in a symbol time.
Thus these terms have frequency depending on the relation-
ship between symbol rate and subcarrier frequency. When
tiie subcarrier frequency is close to a multiple of the symbol
rate, the frequency of the periodic terms is low, but the
amplitude is very small. When the subcarrier frequency is not
close to a multiple of the symbol rate, the amplitude is higher,
but the frequency 1s on the order of half the symbol rate. In
this case, the frequency is assumed to be well outside the loop
bandwidth. In either case. the effect of the periodic terms on
the loop pnase error is negligible. There are also small effects
due to the sampling but they are negligible. The detailed
analysis regarding these periodic terms will be published in 2
future report,

For ¢ small, F (0,) = 0 and F(¢SC) 1. With this
approxxmanon and neglectmg the periodic terms, the phase
detector output becomes

Z=P F9,) F, (6 )*+N,

where N_ =P, d * N_ +N, * N, represents the signal X noise
plus the noxse X noise terms

Now if we fix ¢ . and take the statistical expectation of

Z we get the S curve, S(¢x), of the subcarrier loop-phase
detector. This is

S@,) = ElZ 1) =Q/m) Py Fi (o) F, (8)

Notice that S(¢ ) is periodic in Oy with period m; in the
interval [-n/2, 17/2] S(, ) has the followmg expression:
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S,) = 2lm)yPyeo - [1-(2/m)10,1), 1o l<n/2

Figure 3 shows a plot of the normalized S curve Sn(g,)
for l¢ | <=/2.the S curve is defined as:

Sn(g,) = ©/(2P,) * S(¢,.)

Also notice that we have stable lock points at ¢, = k7, which
is to be expected in a Costas-loop S curve.

To get the phase error variance oé , we assume that the
noise term N is white compared to *the closed-loop band-
width B The one-sided spectral density of the above noise
process, No' is given by

Ny J(2T) = E[N2] =P, + N J(2T)+ (N,/2T)*  (6)

In deriving the above expression, 9. = 0 is used.

As for the residual carrier loop, the variance of the phase
error can be expressed as (Ref. 1):

o;x = N, B,/[5'0)]*

where B, is now the one-sided bandwidth of the subcarrier
loop and

ds(s,)

sc

¢, =0

5

Substituting N, and §'(0) by their expressions we get:

2 - )”oBL L A2
0 P, E/N,

Except for a factor of (n/2)2, this is the same expression
as for a Costas-loop tracking a sine-wave subcarrier. The
factor (n/2)? is the same as that used for tracking unmodu-
lated square waves with square-wave references. The factor
1+ (1/2)/(E:/N0)] represents the squaring loss due to signal
X noise and noise X noise terms, and is the same as for an
optimum analog Costas loop. (Ref. 2). Thus, in this method of
analysis, there is no theoretical degradation due to the digital
implementation.

toly

V. The Data-Aided Loop

A data-aided carrier tracking loop is a loop that combines
residual carrier tracking and Costas-loop tracking to reduce
carrier phase error. To accomplish this, a Costas data-aiding-
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type phase detector is implemented for the carrier by adding a
third arm, with carrier 1 and subcarrier 1. The output of the
carrier Costas phase detector is added to the output of the
residual carrier phase detector, with appropriate weighting.
Minimum phase error for a given loop bandwidth is achieved
by maximizing A2/N, for the composite phase detector,
where 4 is the slope of the S curve at zero phase and N, is
the spectral density at zero frequency.

In the following analysis, it is assumed that the subcarrier
loop is locked so that ¢ = 0, that ¢ is a slowly varying pro-
cess, and that there is perfect symbol synchronization.

The Q arm of this loop is the same as the I arm of the
subcarrier loop, and the output of its filter is given by Eq. (4):

lq = \/Pd cde cos(¢c)+N‘

The above expression neglects the periodic terms that get
filtered out by the loop filter and the NCO; the variable i
denoting the ith symbol is also omitted, and it 15 assumed that
¢, = 0.hence, F (..} = 1.

Similarly, the output of the I-arm filter is given by-

1 T,
) s -
1 = v Z i Sm(wu_ nTs+qu +0sc)
n=1
= -VP,d' sin(g,)+ N,
where

N
;1
d =+ Z d(nT +Tj2)

n=1

is also equal to d defined in Eq. (5) since we have a multiple
of two samples per symbol and we have perfect symbol syn-
chronization. The noise term is given by

N =

N
: Nl Z [n,(nT, + T j2)sing_ +n(nT +T/2)cos ]

n=1

X Sin(w, nT,+w T/2+8 )

with E[N/] = 0, E[N)*] = Ny/Q2T), and E[N + N] = 0
since N;. and N, are two orthogonal noise processes.

The carrier Costas phase detector output is:

et G S T & B - . - - P

= (/2)P,sin (2 9 ItN,,

where N, =P, +d + [N, sin (¢,) + N; * cos (¢,)] + N, *
N, represents the signal X noise and the noise X noise terms.

The S curve, S1 (¢,), of the carrier Costas-loop phase
detector is found to be the regular Costas S curve, i.e., a sine

wave in 2¢ . | , expression is given by:
[4g

S1(s,) = E|UI9,] =(1/2) P, sin(2 )

The spectral density of N, is the same as that of N, which
was given by Eq. (6)

r_ . 2
Ny =P « N, + N [(2T)

For only Costas tracking of the carrier, the phase-error
variance is given by.

N B
2 - Ar! ' 2 . _07L 1/2
o, = Ny B S0 = = [HE—/NO] 7

which is the same as that for any optimum Costas loop.

Finally, the output £, of the residual carrier phase de-
tector 1s combined with the output F, of the carrier Costas
phase detector. Let F, be the combined phase-error signal
with weights @ ard b; we have

F . =a-F +b-F,

If we want to maximize the total loop SNR then the
weights a and b should be chosen such that:

a/b = (VSNR, | /SNR,) * (0,/0,)
where

SNR = l/o; is the residual carrier loop SNR: Eq. (3)

[4

SNR = 1[0}, is the carner Costas-loop SNR: Eq. (7)
c

0; = N, B, is the variance of the noise process in the
residual carrier loop

0; = N, B, is the variance of the noise process in
the carrier Costas loop
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After substitution we get

N
_cos A o
b ="na ¥ Patap

and the sideband aided loop SNR is: SNR = SNR, + SNR,

VI. Summary and Conclusions

For a telemetry processing system utilizing 1F sampling,
the random noise performances of residual carrier loops,

optimum subcarrier Costas loops, and data-aided carrier
tracking loops have been shown to be the same as the corre-
sponding loops implemented by traditional analog means, or
by digital means after analog demodulation to 1-Q baseband.
Some periodic effects are introduced by end effects when
there is not an integer number of subcarrier cycles in a symbol
time. but these effects are negligible for narrow-loop band-
widths because the frequency of the periodic effect is then
outside the loop bandwidth. It is thus concluded that IF
sampling is useful for avoiding the problems inherent with
analog implementations, such as dc offsets in muxers and
amplifiers. the need for calibration and adjustments, and less
reliability, versatility. and flexibility than digital systems.
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A Strategy for Successful Deep Space Information
Transmission in Bad Weather

L. Swanson and J. H. Yuen

Communications Systems Research Section

To retrieve data during bad weather, most missions slow the data rate 1o accommodate
a certain amount of attenuation, or to allow for all but a very small percentage of all-
weather conditions. This system has two well-known and balancing disadvantages. no
data is received reliably during very bad weather, and the data rate is slowed during good
weather. We propose a system of processing that encodes the most critical data more
heavily, allowing it to be retrieved under bad conditions, while at the same time ullowing
most of the data to be sent at a higher data rate.

I. Introduction

A brief look at past progress in data transmission from
space shows that a lot of improvement has come from fre-
quency Increases and associated technology. From 108 MHz,
through L-band and S-band to our current X-band of the
Voyager spacecraft, telemetry capabulity measured 1n bits per
second at a given range has improved by a factor of 10!8 since
the first free-world satellite. Explorer I 1n 1958 (Ref. 1).

In the near future, use of Ka-band (32 GHe) will undoubt-
edly allow even further improvements in data rate. But as
frequency increases, data rate increases must be weighed
against performance degradations due to weather and atmo-
spheric effects. Clouds are almost tra~sparent at S-band;
weather causes virtually no degradation. At the current
X-band, data rate must be chosen for a weather trade-off. By
lowering the data rate, a mission can be more nearly certain

of clear reception, but the cost is less telemetry. For example,
as shown in Table 1, total weather degradation for X-band
data at the Madrid 64-meter antenna, 90% weather, 30° ele-
vation angle, is 1.1 dB. This means that to ensure reception
under 90% of all weather conditions, data must be slowed to
a factor of 0.78 compared to what 1t would be if we assumed
clear, dry weather. To ensure reception under 99% of all
weather conditions (at the same station and elevation), a mis-
sion would have to accept a loss of 4.2 dB, or a data rate
factor of 0.38, compared to clear, dry weather.

At Ka-band, while increased data rate is available in clear,
dry weather, degradation due to bad weather is worse than at
X-band. There is little experimental data currently available o
quantify the losses, but in any case the same principle applies.

The current Voyager and Galileo communication systems
employ the concatenated Reed-Solomon/convolutional code,
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which is very sensitive to even a small degradation 1n signal-
to-noise ratio. For example, bit error rate rises from 1075 to
1072 as £,/N, drops from 2.3 dB to 1.9 dB (Ref. 2). This
means that 0.4 dB can be the difference between successful
data transmussion and fadure. Future deep-space channel
coding schemes are likely to be just as sensitive.

Il. Protecting Critical Data

One way to design a reliable telemetry system 1s to provide
extra margin. Fur example, at the Madnd 64-meter antenna
30° elevation. one could adjust the data rate to allow Ep /N, =
3 4 dB. allowing a margin of 1.1 dB over the 2.3 dB required
for a bit error rate of 1073, This would mean that, during 90
of all weather conditions, E,/V, 15 sufficient to expect a
decoded bst error rate of 1075, In fact, even in the absence of
weather degradatton, we must provide some margin for other
systern uncertainty ( Ref. ). The Voyager and Galtleo missions
provide about 2.0 dB for these nonweather effects. Thus a
total of 5.4 dB of £,/V, 1s needed to assure reliable commu-
nication 9077 of the time.

This system has two obvious drawbacks. One is that no
useful data 15 recewved 107 of the time. The other 1s that the
I.1 dB 1s unnecessarily conservative most of the time, and so
some data rate 15 being sacrificed. These drawbacks play off
against each other. the higher data rate during good weather
means a higher likelthood that the reception of any useful
data 15 precluded during bad weather.

We propose an information transmission system that will
allow certain data, viewed by the mussion as critical or “must
recetve,” to be retrieved under the worst of circumstances
(e.g . 99'¢ weather) while allowing a reasonably high data rate
for all data during most weather, Another goal, such as maxi-
muzing the expected total data return, might lead to a different
coding scheme.

Each mussion has different scientific and misston objectives,
and so difterent ¢cnitical data. Our scheme 1s to encode this crit-
ical data separately so that it 1s recoverable under very bad cir-
cumstances. We call the rest of the data “normal™ data. (E. C.
Posner (Ref. 3) refers to the two types as “base” and “bonus™
data, respectively.)

Our coding scheme does not require s completely new
deep-space telemetry system, but builds upon the existing con-
catenated Reed-Solomon/convolutional code, requiring only
simple additional equipment. Hence it is an efficient and eco-
nomically effective way to enhance data reception capability.

The current deep-space telemetry coding scheme, as used
on JPL missions and adopted as the guideline of the Interna-

144

tional Consultative Committee on Space Data Standards, can
be seenin Fig |

We propose adding a repetition code to the critical data,
yielding the system depicted in Fig. 2. On the ground, criucal
data 1s identified and the repetition code decoded. During
good weather, all data is Viterbir and Reed-Sulomon decoded.
During bad weather, only critical data can be decoded. (Criti-
cal data must be sent in whole frames in urder that the outer
decoders can work durning bad weather.)

The performance of our system is a parametnic function of
the repetition code rate and of the amount of critical data.
Of course, the extra power given to the critical data means
that there 1s less power available to the normal data: again the
amount of power lost to the normal data 1s a function of the
repetition code rate and of the amount of crtical data.
Table 2 shows the loss of pewer in overall data (for critical
and normal data combined) 1n a system using our scheme,
compared to the currest concatenated convolutional/Reed-
Solomon system, as a function of repetition code rate and the
amount of cntical data. When x of the data 1s repeated n
times, the loss of power in overall data 1s just (n - 1)x, which
is shown on Table 2 1n dB.

The fact that a concatenated Reed-Solomon,convolutionai.
repetition code 1s a good low-rate code for low symbol signal-
to-noise ratios was first called to our attention by Pil Lee dur-
ing a technical discussion. Indeed, this seemingly almost trivial
tepetition code works quite well. We compared it to other
low-rate coding schemes (orthogonal and biorthogonal codes);
this comparison 1s shown tn Appendix A.

The scheme described above is different from the one pro-
posed by E.C. Posner (Ret. 3), and first suggested by T. M.
Cover (Ref. 4), which uses a single “cloud” code to protect
some data more than others. The Cover-Posner scheme is a
theoretical one, giving bounds on the data rates for the two
kinds of data, whie ours is a4 concrete, easy-to-unplement sys-
tem based on a very minor addition to the existing proven
deep-space coding system. A comparison of the performance
of a time-multiplexed system like ours to the opt.mum is
given 1n Appendix B.

Aside from the obvious critical data protection, a scheme
like ours offers several advantages. Of course, a mission can
determine what data is critical. For example, some science
data and some highly compressed imaging data might be the
critical data on a mission. Also, a mission can determine how
heavily to encode the critical data, and how much critical data
to send, trading these off against power for the normal data.
There could even be different levels of critical data. five repe-
titions for very critical data, three repetitions for less critical
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data. etc. Also. the amount of redundancy can be changed in
tlight, 1n case of hardware changes on the ground or even on
account of short-term weather predictions.

What does our protection cost 1 terms of data rate during
good weather? The fact that the critical data has been ex-
panded means that overall data rate must suffer in some way.
Three ways to deal with this loss present themselves (1) com-
pressing the rest of the data, (2) sacnificing the least destrable
data, and (3) lowering the probability that normal data will be
received reliably. We examine each in the paragraphs below.

Current missions use data compression for imaging data.!
Depending on the amount of redundancy in the original data.
data compression can allow a large increase 1n the amount of
information communicated at a given data rate. If the normal
data being sent are redundant, further data compression would
present little problem. If all possible data rompression has
already been done, source coding could be done to code the
information bits. This, however, adds substantially to the it
error rate. So data compression should ve used only if redun-
dancy exists in the normal data.

The simplest idea is just to sacrifice (never transmit) the
least desirable data, lowering the real data rate. This gives each
transmitted normal bit exactly the same power 1t had before
the critical bits were heavily encoded.

The last possibility is to speed channel symbols. increasing
their rate. This means that each channel symbol carries slightly

VE. Hilbert et al., BARC Data Compression for Galileo Imaging. Publi-
cation GLL-625-301, Jet Propulsion Laboratory, Pasadena, Cali-
fornia, 1979 (internal document).

less power. Thus the normal data 1s received under slightly
more restrictive weather conditions. :n exchange for the criti-
cal data being received under less restrictive cerditions.

ill. Conclusions

We have proposed a coding system to protect a mission’s
critical data against very low signal-to-noise ratio conditions.
This system is sumple to innlement, easy to change, and
is based on a proven, reliable, exisung coding system. It allows
a small amount of data to be protected against very bad
attenuation. while allowing all of the data to be sent at a
higher data rate than would be the case If all data were pro-
tected against such bad 4ittenuation. Critica! data 1s heavily
encoded and then embedded in the normal data. If only a
small amount of data 1s cntical, the effect on the power
available for the rest of the data 1s minimal. Besides protecting
critical data against bad weather, another goal might be to
maximize expected total data return. This goal might lead to a
different coding scheme.

There are other means of dealing with weather effects,
which are operational 1n nature. Qur method does not in any
way preclude the use of these. It does offer additional pro-
tectton to any link. Historically, this protection has been
offered by the use of a lower frequency link. like S-band,
which 1s virwally independent of weather, for critical data. In
the future, such weather-transparent links may not be avail-
able, but 1n any case our scheme can be viewed as additional
protection.

We have assumed that synchronization will not be a prob-
lem. This and the ability of the deep-space telemetry system to
recover channel symbols under very bad weather conditions
are questions that still need to be addressed.
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Tabie 1. Totai wanther degradation (including effects of both increased atmospheric sttenuation and increased system noise temperature)

in decibels; Madrid X-band 64-mater®

~ e

Elevation angle, degrees

Percent - _
weather 10 12 14 16 18 20 25 30 38 40 50 60 70 30 M
10.0 0.2 0.2 0.2 02 02 0.2 0. 0.1 0.1 0.1 0.1 01 01 0.1 01
200 0.3 03 0.2 02 02 02 0.2 01 0.1 0.1 01! u.1 0.1 0.1 G.1
30.0 0.4 0.4 03 0.3 03 0.3 02 0.2 0.2 02 02 01 01 01 0.1
400 0.5 0.5 0.4 04 04 03 0.3 0.3 0.2 0.2 0.2 0.2 02 02 0.2
500 06 0s 0.5 04 04 04 0.3 03 0.3 0.3 0?2 02 02 0.2 2
60 C 0.9 0.8 0.7 06 0.6 0.5 04 0.4 0.3 03 03 0.2 0.2 02 0.2
70.0 1.3 'l 1.0 0.9 0.8 0.7 06 0.5 0.4 04 03 0.3 0.3 03 03
75.0 1.6 14 12 1.1 10 09 0.7 06 0.5 05 04 0.3 03 03 03
80.0 21 17 1.5 3 1.2 11 09 07 0.6 0.5 0.5 04 0.4 03 03
85.0 26 2.2 1.9 17 15 13 1.0 09 0.7 0.7 0.5 0§ 04 0.4 04
900 34 29 24 2.1 19 1.7 13 1.1 09 08 07 06 0.5 s 0S8
95.0 50 4.2 3.6 32 28 25 20 16 1.4 1.2 10 08 08 07 0.7
98.0 717 66 5.8 52 4.6 4.2 34 29 25 22 18 16 1.4 1.3 13
990 10.3 9.0 79 71 6.5 59 49 42 37 33 27 24 22 21 20
99§ 146 12.6 112 101 93 86 7.3 63 5.6 S1 43 39 35 34 33

“This table 1s one of a set of tables, descnibing weather aitenuation under rany circumstances at many Deep Space Network antennae, prepared

by P Kinman ot the Jet Propulsion Laboratory 1n an internal memorandum to N Burow

Table 2. Loss of power (in decibeis)to data because of repetition of

critical data
\ Code
repetition 2 3 s 10
Attenuation
allowed cntical _
data, dB
Cnitical ~ 3 47 7 10
data, %
1 0.04 009 018 04}
2 009 018 036 086
S 022 046 097 2.60
10 046 057 220 1000
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Appendix A
Choice of Code for Critical Data

The codes suggested 1n this article are simple to implement
in a mission using concatenated Reed-Solomon/convolutional
coding. Other low-rate codes could be considered for the criti-
cal data. Prominent examples of low-rate codes are orthogonal
and bi-orthogonal codes (Ref. 5). Bi-orthogonal and orthogon-
al codes of appropriate rates are considered, along with con-
catenated Reed-Solomon;convolutional/repetition codes. 1n
Table A-1.

For each of these three types of codes, we have chosen sev-
eral specific codes to examine. Of course, rate balances against
performance at low symbol signal-to-noise ratio.

Table A-1 gives these attributes for several codes of each
type In addition to code rate. expansion 7/(16 X rate) 1s
given. This is the ratio of the number of channel symbols
required for transmission of one critical bit under a given low-
rate code to that required for a normal bit under Reed-
Solomon/convolutional coding.

Table A-1 also gives performance. 1n terms of decoded bit
error rate. of each code at two symbol signal-to-noise ratios:
-4.4 dB and -6.5 dB. These were chosen because they repre-
sent 99% weather and 99.5¢% weather (X-band. Madrid
64-meter antenna 30° elevation) when normal data is reliable
in 90% weather. A choice among these codes for critical data
would then depend on a balance between the expansion of the
code and its performance Of course. this balance gets more
difficult 1f there is much critical data (which makes expansion

£ R I S ARSIy YT S

touchier). or if a very low symbol signal-to-noise ratio must be
considered. Performance for orthogonal and bi-orthogonal
codes was obtained by interpolation from tables in Appen-
dix 4 of Ref. 5: performance for the concatenated code was
obtained from Ref 2.

Comparison of codes for these purposes is different from
normal comparison for error correcting codes. One usually
compares codes by considering the bit signal-to-noise ratio
(Eb/No) required for a given decoded bit-error rate (or con-
versely. the decoded bit-error rate for a given E,/N,). When
one can adyust the data rate in order to control £2, /¥, this is
the logical way to compare codes. But we are assuming that
the symbol rate has been adjusted to control £,/N, for
Reed-Solomon/convolutionally encoded normal data under
certain weather conditions, so that symbol signal-to-noise
ratio £ /N, is determmned entirely by weather conditions.
Once we decided how much attenuation we wish to accom-
modate. we have determined the symbol signal-to-noise ratio.
We can then choose a code, weighing the probability of error
at that symbol signal-to-noise ratio vs code rate or expansion.
The lower the code rate. of course, the more expansion, or
the more channel space will be used by the critical data. low-
ering the power available for normal data. Notice that the
error rates in Table A-1 show that the concatenated Reed-
Solomon/convolutional/repetition codes perform better than
the orthogonal and bi-orthogonal codes. (All error rates
assume perfect carrier and subcarrier tracking. and perfect
code synthronization.)
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Table A-1. Performance of several low rate codes at low symbot signal-to-noise ratios

Orthogonal codes

K Rate E . Bit-error rate Bit-error rate
a xpansion at symbol SNR 4.4 dB at symbol SNR ~6.5 dB
4 025 1.75 0.04 0.11
5 0.15625 2.8 0.004 0.03
6 0.09375 417 1075 0.002
Biorthogonal codes
" Rate Fxpansion Bit-error rate Bit-error rate
P at symbol SNR 4.4 dB at symbol SNR —6.5 dB
5 0.325 1.4 0.05 0.12
6 0.1875 2.3 0.005 0.04
7 0.109375 4.0 3x 1075 0.003
Repetition codes - inside Reed-Solomon/co. olutional
X Rate Lxpansion Bit-error rate Bit-error rate
xpans at symbol SNR —4 4 dB at symbol SNR ~6.5 dB
2 0.21875 20 5x 1074 >0.05
3 0.145833 3.0 <1078 >0.05
4 0.109375 4.0 <10~$ <10~$
5 0.0875 5.0 <10~5 <10~$
Lid - o . - . ’L
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Appendix B

Time-Multipiexing vs Cloud Coding

We wish to compere a system like ours, which time-
multiplexes critical data with normal data, to a cloud coding
system (Ref. 4), which is optimal. To avoid comparning apples
with oranges, we assume that we have optimal codes in all
cases. that is, we are tume-multiplexing an optimal code for
the critical data with an optimal code for the normal data,
and comparing this to an optimal cloud code.

For bandwidth B, signal-to-nowse ratio /N for normal data,
signal-to-noise ratio P/AN for cnitical data. and critical data
rate x,, the normal data rate is bounded by

-x, (B x, |B
x, = Blog, [1+4(2 % -1)+2 % P/NB]

1

in a cloud coded <ystem Ref. 3.

Using time-multiplexing, the critical data rate x uses

2
I
Blog, (1+P/ANB)

of the channel time, leaving (1 - J) of the channel time. at
data rate Blog, (1 + P/NB). for normal data Thus the largest
possible normal data rate fi. for time-multiplexing 1s

x = Blog, (1+P/ANE)

) Blog, (1 + P/NB)
We wish to bound the ratio x, /X -
The ratio x,/X, approaches 1 as x, approaches zero or

B log, (1 + P/ANB); so, for fixed B, P/N, and A, 1t is largest
when d(x /X, )/dx, 1s zero. This occurs when

—x,/B ~x,/B

log, [1+4(2 1)+ 2 P/NB)

Iog2 (1 +P/ANB) - xz/B
= -~ (A +P/NB)Y
144272 - 42728 piap

"¢y /B

Substituting this intc x‘,’fl, we find that

x, log, (1 +P/ANB)

%, log, (1+PNB)

~x,/8B
(A+P/NB)2 2

/B PINB

1+4(2 ~x2/B

-1)+2
at the x,, for which x /X 1s maximized. Since
x, S<Blog, (1 +P/ANB)

we get

A log, (1 + PIANB)
log, (1 +P/NB)

X
xl

Letting D = Blog, (1 + P/NB) represent the largest supportable
normal data rate. we get

f_l AB DB )

5 S Dl (1*”‘7“

For example, if B =2.000.000, 4 = 5, and D = 115,000, we
find that (x,/¥,) < 1.016. or the maximum loss due to using

time-multiplexing (with optimal codes) compared to cloud
coding (with optimal codes) is 0.07 dB.
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Tropospheric Delay Effects in Radio Interferometry

G. Lany
Tracking Systems and Applications Section

A new tropospheric mapping function is derived which is more accurate than previous
mapping functions above elevations of 4 degrees. The error due to the given analytic ap-
proximation is estimated to be less than 0.02% for elevation angles larger than 6 degrees,
{less than 0.4 cm at 6 degrees, and approximately 0.004% or 0.03 cm at 20 degrees). The
mathematical expansion used in the derivation is valid for any laterally homogeneous
atmospheric model of refractivity. The new mapping funciion, computer generated ray
tracing rables and other mapping functions are compared. The results can be used in
correcting for tropospheric delays of radio signals.

l. introduction

Radio waves traversing the atmosphere of the earth are
delayed due to electromagnetic refraction The delay depends
on the length of the path; consequently, it is a function of
the 1ncident elevation angle of the radio wave. Usually, since
satellite and stellar radio sources are observed only above 6°
elevation, we set our precision requirements at 6°. The pri-
mary causes for this low elevation angle limit are. antenna
puinting limits, ground obstructions, system noise and signal
multipathing. In addition, modeling errors of the tropospheric
delay are relatively large at very low elevation angles.

The tropospheric delay at an (unrefracted) elevation angle
E can be determined by the mapping function s(£). If the
Earth’s atmosphere is approximated by a laterally homoge-
neous plane air layer and the refractive bending of the ray is
ncglected, then s(F) = Z/sinE, where Z is the ¢zenith delay.

The mean sea level value for the dry tropospheric delay 1s
~2.3m at zenith and ~20m at 6° elevation. The delay of
20 m is a mean delay value for a laterally homogeneous dry
geometry and

atmosphere. Spherical refraction bending
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effects are included n the delay. For £ = 6°, 1/sinf ~ 9.6;
thus the difference between the mean and the approximated
(plane air layer) delay 1s ~~2m and it 1s smaller at higher
elevation angles, approxunately given by -eZ/(sinf tan2E).
This effect 1s pnmanly due to the curvature of the arr layer,
The mean value for ¢ 1s ~0.00122. This functional form for
the delay correction was first derived by Saastamoinen
(Ref. ). The proportionality factor € is a function of the
atinospheric model of refractivity. Thus a 10% modeling
error 1 € results 1n an ~20 cm delay error at 6° elevation.
Consequently, mismodelings of the tropospheric mapping
can cause significant errors at low elevation angles.

In addition to the errors resulting from inherent zenith
delay uncertainties, there are errors due to mismodelings,
inhomogeneities and large-scale temporal vanations. The
correspanding major delay errors wt low elevation angles
are the following:

(1) Refractive bending.
(2) Dry modeling errors.

(3) Water vapor vanations.
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The refractive bending effect 15 ~13 cm at 6° elevation and
can be completely removed by proper modeling. The varia-
tion of the bending effect due to zenith delay changes 1s ~ 20%
or 2-3¢m at 6°. The dry and wet errors are about 10 and
Il em. respectively. and these errors correspond to 1-2 ¢
estimates. The dry errors are due primartly to variations of the
temperature profile of the troposphere. The water vapor
errors are due primarilly to large-scale temporal variations
(e.g., diurnal vaniations) and inhomogeneities. In the estimate
of the wet variations, a 6 hour observation pertod 1s assumed.

In the following, the effect of these errors in radio inter-
ferometric measurernents will be discussed and we will desciibe
a relatively accurate tropospheric delay function. which aids
in removing some of these errors.

ll. Tropospheric Delay Errors in Radio
Interferometry ’

The delay errors described in Section 1 may occur n radio
interferometric measurements. The present formal accuracy
level of varicus interferometric measurements varies between
0.1 and 10cm, depending on the baseline length and the
number of coservations. These formal accuracy figures do not
acconnt for all the systematic errors. Systematic errors can
be incorrectly absorbed into parameter estimates. The magni-
tude of the error for estimates of intercontinental baselines 1s
about the size of the delay errors estimated in Section I. Ob-
servations at low elevation angles are. however. necessary on
long baselines for the following reasons:

(1) The wisibility of radio sources by two stations s
limited.

(2) Good geometry requires well separated multiple
observations of radio sources.

(3) Such observations enable better determinations of
zenith delay or other model parameters.

Direct experimental verifications of tropospheric delay
errors are often difficult. A stattstical evaluation of elevation
dependent post-fit restduals may be used for indirect verifi-
cation. However, elevation dependent systematics can be
caused by other effects also. The major sources of error are
ionospheric delays and antenna cable delays. Dual band
ionospheric calibration results in small cahbration errors.
Antenna cable delays may have a different elevation dcpen-
dence, and we do not have well established magnitude esti-
mates for the Deep Space Network antennas at present. There
are indications, however. that the effect does not exceed
15 ¢cm 1n magmtude (L. E. Young, private communication,
1980) and antenna cable delay errors. in principle, are removed
by proper calibration techniques. Consequently, a large por-

tion of elevation dependent systematic errors may be caused
by tropospheric delzy errors. Elevaticn dependent systematics

were reported by Treuhaft! | Treuhaft et al. (Ref. 2). Treuhaft,

Lanyi, and Sovers (Ref. 3), Shapiro et al (Ref. 4). and Davis,
Herring and Shapiro (Ref 5).

Treuhaft! (see also Ref 3) introduced a statistical measure
for testing the elevation-angle dependence of the post-fit
residuals for the 1978-1983 Deep Space Network Very Long
Baseline Interferometry (VLBI) data. This test indicated a
statistically significant elevatica dependence for the data set
Treuhaft’s other results indicate that the systematics persist
for different tropospheric mapping functions with constant
temperature model parameters. Additional results showed
that elevation dependent systematics can be induced by
simulations of temporal tropospheric varnations.

lll. Computational Approach

The tropospheric delay expression has to be a function of
all major atmospheric model parameters 1if precise corrections
for atmospheric changes are necessary. The first task 1s to
establish an atmospheric model of the refractivity. Refrac-
uvity models of dry air can be relatively accurate However,
there is no accurate model for the highly varable water
vapor.

For a given refractivity model one can evaluate the actual
tropospheric delay by two different computational approaches.

(1) Computerized numerical calculation. 1.e., ray tracing.

(2) Analytic formulation and approximatton,

The first approach 1s relatively straightforward but time-
consuming. This feature 1s particularly amplified when tropo-
spheric parameters are varied. The second approach results in
relatively fast computation. and, as a byproduct. it gives more
insight into the problem than the previous approach. Analytic
formulations were given by Hopfield (Refs. 6 and 7). Saasta-
moinen (Ref. 1), Chao (Ref. 8), Marini and Murray (Ref 9),
Black (Ref. 10), Black and Eisner (Ref. 11). and Lanyi? (see
also Ref. 12).

For the dry air. the assumptions of static equilibrium and
the ideal gas law are baswcally suffictent to describe the dry

lTrcuhuﬂ, R. N., “Time Variation of Intercontinental Baselines Using
VLBI: Analysis and Validation,” 10OM 335.1-176, January 1984,
private communication.

2Lanyi. G., “Tropospheric Propagation Delay Effects for Radio
Waves,” IOM 335.1-156, November 15, 1983, private communication.
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refractivity profile if the temperature profile of the atmo-
sphere is known. We use a temperature profile consisting of
three linear sections. In former work one- or two-section
profiles were used. For the water vapor, Saastamoinen’s semi-
empirical moael 1s applied (Ref. 1).

In the analytic approximation we expand the tropospheric
delay up to the third order in refractivity. The second and
third order terms describe the refractive bending effect. These
higher order terms were not explicitly included in former
tropospheric mapping functions. Other expansions are carried
out in parameters related to the curvature of the Earth’s
surface, e.g.. the scale height divided by the local radws of
curvature. Using these approximations we integrate over the
curved path of the ray (see Fig. 1) and obtain the formula
given in Appendix B. The dervation is not given here, but
detalled calculations and other considerations wil be pre-
sented in another publication.

The tropospheric dclay formula given in Appendix B can
be easily computer coded. We performed computerized ray
tracing also for comparing various analytic mapping func-
tions. Using the mean atmospheric parameters listed in
Appendix A. we obtai~ed comparison plots (see Figs. 2
through 4). These plots show that for the given atmospheric
parameters the new mapping function is very close to the ray
tracing result. For a different set of atmospheric parameters
the other mapping functions might approach more closely
the ray tracing in certain elevation regions, but the funda-
mental discrepancies cannot be removed.

IV. Summary

The tropospheric delay formula presented in Appendix b
is a relatively accurate expression as far as the model and the
dervation are concerned. The zenith delays and temperature
profile paramete:s may be obtained from meteorological data.
Alternatively, under some experimental circumstances, certain
model parameters can be estimated from the data itself. In
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radio interferometric experiments on long baselines, total or
individual (dry or wet) tropospheric zenith delays can be
relatively well estimated if observations with 1ow elevation
angles are included in the experiment.

The major ¢rror, which cannot be estimated from the
expertment, is due to water vapor inhomogeneities. This
error 15 ~ 6 cm at 6° elevation. The temporal and aztmuthal
variations of the water vapor are also difficult to estimate
from the experiment itself. Consequently, precise line-of-
sight measurements by water vapor radiometers may be
necessary to determine the delay due to water vapor. For this
purpose, we assume that the total error for the water vapor
radiometer is smaller than the errors we seek to eliminate.
However, water vapor radiometers, 1n general, are not designed
to function accurately at low elevation angles: thus the path
toward high precision could be a difficult one.

As far as expernimental venfication of the new mapping
function is concerned, two initial results should be mentioned:

(1) The new mapping function with fixed mean tempera-
ture profile parameters is statistically preferred by our
data (Ref. 3). This 1s the same data set as was men-
tioned in Section 11 for antenna stations in Austraha,
California and Spain for the full S year period. The
station in Australia has some bias. though, and sites
at other geographical locations might have also some-
what different mean temperature profile parameters
and correspondingly different mapping functions.

(2) Elevation dependent systematics can be partially
removed by using variable atmospheric model param-

eters (Ref. 3).
Both findings are tnitial resuits.

In conclusion, 1t would seem that the best approach for
determining the tropospheric delay function parameters lies
in the combined use of surface and radiosonde meteorologi-
cal data, water vapor radiometer data and statistical model
parameter estimates.
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This 1s a list of symbols used in the tropospheric delay

reraiimned.

Appendix A

List of Symbols

formula (see Appendix B). The values given here were used
for calculating the plots in Figs. 2 through 4. The values of
model parameters are chosen such that different models
would mutch each other as closely as possible. Since the
models can be matched only 1n an approxumate manner, the «
values given here are the results of a compromise.

E
s(E)

k/m

(unrefracted)

1013 25 mbar (sea level)
292K

6371 km (for matching
models)

45°
4.8007 10723 (dry air)
1.38006 107 erg/K

= 28706 10% erg gK

elevation angle

tropospheric delay
mapping function

surface pressure
surface temperature

radius of curvature
of Earth

latitude
mean molecular mass
Boltzmann’s constant

4 gas constant of dry
air

> o

o
~

N

wet

>

From

978.37 eig/g * v

6.8165 K/km (a4 mean
value)

S (a=mg_'kw. Hopfield's
and Chao's value)

3.5 (a mean value)

0 (for matching models)
12 2 km (Chao's value)
0 (for matching models)

1 for E>10°, = 3 for
E<10°

the vilues above we obtain.

8.567 km (A= kTO/mgc)
13451073 (0 = 3, R)
0 (scale height-normalized)

1.424 (scale height-
normalized)

230.70 ¢m

glavity gt the conter of

gravity of air column

temperature lapse rate

dry model parameter

wet model parameter
inversion altitude
tropupause altitude
wet zenith delay

a scale factor

scale height
a curvature measure
inversion altitude

tropopause altitude

y senith delay
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Appendix B

Tropospheric Delay

The tropospheric delay 1s the difference between the actual
and a hypothetical vacuum (strzight line) propagation time of
the radio signal. In principle, by applying Fermat's principle
for a laterally homogeneous spherical air layer, the path of the
radio signal can be derived. The path 1s a4 function of the
constant of integration. After expressing the constant of
integration as a function of the unrefracted elevation angle
E. an integration of the refractivit:r over the path 1s carried
out. This gives the totul propagation delay. After subtracting
the vacuum delay , the tropospheric delay s(E) 1s obtatned

These steps cannot be carried out exactly in an analytic
fashion. The tropospheric delay formula presented in this
appendtx 1s a result of numerous approximations. The resul-
tant tropospheric delay 1s a function of dry and wet zenith
delays, Zy,, and Z,,,. The dry and wet senith delays can be
predicted from meteorological data (see, e.g.. Ref 1) or from
the experiment itself. The tropospheric delay 1s also a function
of other temperature protile related parameters. 4, o, a, q,
q,. The parameter 3 1s a semr-empirical model parameter for
the refractivity of the water vapor. The defimtion of the sym-
bols and a set of mean values are given in Appendix A These
parameters can be adjusted according to local meteorological
conditions

In the following equations we use the indices d and w for
referring to certain integrals of dry and wet surface-normulized
refractivittes, respectively. The index dw refers to the integrals
of the product of dry and wet surface-normalized refractivities.

The tropospheric delay can be written as.

S(E) = F(E)/sinf ()

Expanstons in the refractivity and other quanities resuit in

F(E) = Zy Fy (EV+Z  F J(EVH(Z] IDF  (F)
+ 22y Z e ) Fina () (20, [ 8) Fy g B)
2 AT g ) @

where
Fu (E) = GO )A () + (314G (), uq?) ua (3)
F JE) = GG, [0, w)d, (E) 4%, (4)

and
FrooaE) = = ——— G [-— — ) {4°}
rendt Jtan? L ({qo } !
- (23((4/) u) _9
4 sin?k;
{al,, {4°}
FroalB) = = oo a3 9 ) T s
2tan? £ {qo}dw G",
{4°}
FrengstE) = = S ¢ __{_‘Ii_w_ N
tan’ £ q°}, 4%
. L 1 . {14 }}
FoongalE) = = ——— G 22220 ) ({4 1
hends Jtan® £ ({{q"}} ) 4

The quantity G(g.u) s a geometric tactor related to the
curvature of the karth’s surface and given by

Glg.u) = (1+qu)'"? (6)
where
u = do/tan’k (7)
The quantity A (£ ) is given by

10
ALY = % + Z
n i

(2n = 1"V u/ L+ M u )™ (g - Mg»)'™
(8)

The indices o and w in A (E) and 4, (F) refer to dry and
wet moments in Eq. (8). The moments (¢ - A{¢g))" cun be
evaluated in terms of the monients (@™ by the use of the bi-
noniial theorem. The quantities (¢"), {g"}and {{¢"}} are
the n-th order moments of the surfuce-normalized dry/wet
refractvity £(q). £ 3(¢)and £ *(¢),
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;,’:al":w@ Ty @
I\’.'“L'
(" = quq"f(u)
0
Q" = quq".'zm
0
(9)
4"}, = f dq 4" f, D, (9
0
Gy = [ da"rw

0

Denoting all the six types of dry, wet, and berd moments
by [¢”]. for the particular three-section temperature profile
maodel, we have

[¢"] = n! [(a)""" (1 - expl-ag )
n
+expl-aq, )(H(a/(b+1+ 1)))“ - szn.l(qz))
0

(1) expl-aq ) T2 (g (10)

where @ and b are listed 1n the following table.

a b [q]
| a- | dry (q)d
g fa- 2 wet (q,,
2 Ja- 2 dry squared. {ql,

B+1  Plati)-3 productofdry and wet (g},

28 2Ba- 4  wet squared {4},
3 3a- 3 dry cubed {ab,
ard
T4y) = 1-(q," q ) (1)

If we set ¢, =0 and neglect the bending terms and the
second term in the dry expression, set 4(£)=1and A=11m
the dry and wet formulas, and expand G({g),u), retaining the
first order term tor the dry and zeroth order terr for the wet
mapping function, then Saastamoinen’s mapping function 1s
obtained.

If we set ¢, = 0.9, = 5. and o = 5, neglect the bending
terms. set A(£) =1 and A = | n both the dry and wet formu-
las and 1gnore the wet effects, then we obtain Black’s single-
term mapping function to a good degree of approxi-:ation
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Investigation and Rehabilitation to Extend Service Life of
DSS-13 Antenna Concrete Foundation

A. A. Riewe, Jr.

Ground Antennas and Facilities Engineering Section

1t was noticed 1977 that exposed surfaces of the remforced concrete foundation of

the DSS-15 26-meter untenna were exhibiting relatively light « cacking By 1980 the crack-
ing had worsened to the point were it was decided that an investigation should be under-
taken to establish the cause and, as needzd, devise a repair techmque that would maintain
the serviceability of the antenna. Core samples were obtained from the concrete and
various luboratory rests conducted In place nondestructive type te's were also per-
forned. The iests established that the concrete was deteriorating because of alkali-
aggregate rcactivity. This is ¢ phenomenon wherein certain siliceous constituents present
i some aggregates react with alkalice in the portland cement to produce a silica gel
which, in turn, imbibes water, swells, and cracks the concrete. After a thorough structural
analysis. a rehabilitation scheme was devised and installed. The scheme consisted of »
supplemental steel frame and friction pile anchored grade beam encircling the existing
SJoundation  This system provides uadequate bracing against base shear and oy crturning
due to seismic loading Larger cracks v.cre sealed using a pressure injected two-component

cpoxy

l. Introduction

An extensive mvestigaiton was undertaken by the Ground
Antennas and Facthties Engineering Scction to determins the
cause of severe crackimg observed i the DSS-13 (Venus-
Station) antenna reinforced concrete foundation and to design
structural steel bracing to estend the vseful life of the
antenna. The antenna is one of several bused at the Deep Space
Commmunicatrons Complex. Goldstone. Califorma. which 1s
cwned by NASA and operated by the California Institute of
Technology's Jet Propulsion Laboratory.

The mvestigation mvolved cxamination ot the onginal con-
crete design. in-place testing and testing of cores (aken from
the interior and .op surfwces of the foundation. The tests
included ultrasonic pulse r~adings. petrographic exannation,
standard compression tests, standard tensuc splitting tests. sur-
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face condition survey. determination of rebound number. pull-
out {ests of anchor bolts. and monitoring of cruck widths
under dynamic and wind loads. The rchabilitation Jound
necessary to extend the usetul life of the antenna foundation
was established ard has been successfully completed

il. Structure Descriptior:

The DSS 13 antenna 15 a 26-meter diameter parabolic
retflector with an azimuth-elevation mount. The base frame
comsists of eight steel columns that taper outward as they
descend to the concrete foundation where they are at a radius
of 3.98 m (13 ft. %A 1n.) at the top of the bearing plates. Each
column is anchored m:o the foundation with four 57.15-mm-
(2%-n.-) diameter anchor boits that extend 213 m (7 ft,
0 1n.) into the concrete.

- .o %t -
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The foundation 15 10.67 m (35 ft, 0 in.) square 1n plan. Fig-
ure | shows a partial plan and section The top of concrete is
shghtly above adjacent grade and extends to a depth of 3.05 m
(10 f', 01n.) as measured around 1ts perimeter. In the center 1s
4 3.66-m- (12-ft-0-in.-) diameter p1t. 3.96 m (13 ft. 0 in.) deep.
The footing under this pit 1s 0.76 m (2 ft. 6 1n.) thick. The
matn reinforcing steel in the 2.05-m- (10-ft-0-in ) thick section
consists of No.8 (25.4-mm- (l-in.-) diameter) bars at
152.4 mm (6 1n.) on center each way, top and bottom. The
reinforcing steel tn the 0.76-m- ( 2-ft-6-1n.-) thick section under
the pit 15 also No. 8 bars at 152.4 mm (6 1n.) on center each
way on the bottom including the sloping transition, but the
top bars in this ares are No. 4 bars (12 7-mm- (}-in.-) diam-
cter) 4t 0.305 m (12 in.) on certer.

The only vertical reinforcing steel 1n the mamn 3.05-m-
(10-ft-) thick section of the footing consists of No. 4 bars at
0.305 m (121n.) on center each way 1n the outer face and 1n
the face of the 3.66-m- (12-ft-) diameter pit.

lll. Foundation Concrete Materials

The concrete foundatien was placed during May and June
of 1962. The mix design (Table 1) called for a 25.0-mm (1-n.)
maximum aggregate. 334.6 kg/m3 (6.0 sacks per yd?) of
cement and 2 maximum allowable water content of 533 X
10~% m3/kg (6.0 gal per sack) of cement. The aggregate source
(Table 1) was Barstow. Califorma: no records are available
indicating the cement brand or ty pe used. No admixtures were
used.

The mix design was for a 24.13-MPa (3500-ps1) compressive
strength aithougn the structural design was based on 20.68 MPa
(3000 psii. Only five tield test cylinders were taken during
construction. This was madequate. The volume of foundation
concrete 1s on the order of 436 m> (570 yd®)and the Amern-
can Concrete Institute Building Code requires that a minimum
of 16 field cylinde.s should oe tested for this volume.

Three of the 152-mm- (6-n.-) diameter by 304.8-mmr
(12-in.) high field test cylinders had an average compresstve
strength of 17.31 MPa (2490 ps1) at age 7 days. Two cyhnders
at age 28 days had an average compressive strength of
24.75 MPa (3590 psi).

IV. Structural Loadirg

The horizortal )ad, due to wind, on the main reflector is
311,375 N (70 kips} and on the steel base, 44,482 N (10 kips).
The dead load of the main reflector is 1,334,467 N (300 kips)

,_/ b Laen

and of the steel base, 756,198 N (170 kips). A design check by
a licensed structural engineer indicated there were no defi-
clencies In the original as-built structure.

V. Condition of the Structure

Cracks of various types have developed on almost all
exposed surfaces of the foundation. “Map™ or “pattern”
cracking has developed over all exposed surfaces. The “‘map”
cracks are most prominent on the upper iiorizontal surizce of
the foundation, with little or no difference between the
exterior area and the area enclosed within the base. The
“map’ cracking, although moderate to very slight, appears on
all surfaces within the pit area. The major system of cracks is a
series of generally honzontal cracks, located on the vertical
surfaces 1n the pit area. These cracks have a vertical spacing
ranging from about 0.305m (12in.) to 0457 m (18in.). A
majority of these cracks have a width on the order of 0.25 to
1.27 mm (0.010 to 0.050 1n.). but two cracks have widened to
approximately 12.7 mm (0.5 1n.). Figure 2 ts a photo taken
of one of these cracks. An inspection p1. was dug along the
westerty side of the foundation exterior extending to its full
depth of 3.05m (10 ft). The crack pattern there was generally
simmilar to that exposed 1n the interior pit described above.

VI. Investigation Program

Investigation of the foundation began in January 1980,
when 1t was becoming apparent that areas of structural discress
were developing. Cracking was first reported in 1977 by sta-
tion personnel. but no untoward problzm was thought to exist
at that tume because the cracking was reiatively light and surfi-
cial in nature. and cracks often form in r.ormal concrete due to
thermal changes or drying shrinkage. The cracks, however,
progressed to a point where. in 1980, an investigative program
was initiated. The investigation incluaed visual inspection.
measurement of crack widths at selected locations, pull-out
tests on two anchor bolts. monitoring of crack width during
periods of high v/inds, and testing of concrete cores.

The most important information 1n concrete investigative
work 1s obtained from the testing of cores. Tests on core sam-
ples provide a direct determination of absolute strength and
elastic properties. Specimens obtained f=v o vcores permit
petrographic study that can possibly =stablish the cause of
cracking. Horizontal 152-mm- (5 .-} diameter cores were
taken in August, 1980, from the veiticai wall in the pit area.
which extended 0.61 to 7.91 > (2 tu 3 ft) into the footing.
Vertical 50.8-mm- (2-in.-) diameter cores were aiso obtained
from the outdoor top of the foundation at the locations
shown in Fig. 1. They extended to a depth on the order of
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2.20m (9 ft, 6 in.). The core locations were generally estab-
lished by visual inspection to provide information on areas
showing greatest distress as well as those of less distress.

VIl. Description of Concrete Test Cores

The cores contained fine cracks of random orientation and
slightly larger cracks of a generally horizontal orientation.
Photographs of the two vertical cores in core storage boxes are
shown in Fig. 3 and 4. Reinforcing steel was cut in three cores.
No corrosion was observed on the steel and the bond between
the steel and the concrete was tight. No rust stains have bcon
observed on concrete surfaces near the cracks, This indicates
that no corrosion of the steel is occurring.

VIil. Description of Concrete Tests

To determine the general condition of the concrete, the
following tests were made:

(1) Ultrasonic pulse velocity tests to determine depth of
major surface cracks.

(2) Standard compression tests.

(3) Petrographic (microscopic analysis) examination of
cores to establish aggregate mineral composition.

(4) Standard tensile splitting test.

(5) Determination of rebound number.

Pulse velocity tests were performed in accordance with
Ref. 1. The test, in this project, was used to measure the depth
of the crack having the largest surface width. The test was
done in accordance with procedures set forth in Ref. 2.

The basic principle of crack detection by pulse velocity
tests is: If a crack is of appreciable width and is of consider-
able depth perpendicular to the test path. the path of the pulse
will be blocked and no signal will be received at the receiving
transducer. If the depth of the crack is small compared to the
distance between the transducers, that is, the path length, the
pulse will pass around the end of the crack and a signal will be
received at the transducer. However, in doing so it will have
traveled a distance longer than the straight line path upon
which the pulse velocity computations are based. The resulting
calculated pulse velocity will then be low in comparison with
that through uncracked concrete in the same vicinity. The dif-
ference in the pulse velocity is then used to estimate the path
length and hen-e the crack depth. Thus if the transducers are
equidistant (x) from each edge of the crack, as shown in
Fig. 5, the depth & of the crack can be obtained as follows:
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distance traveled in concrete without crack

distance traveled in concrete with crack

[
[\
>

[S]
+
3

©

. . 4h? + 4x?
T: (in concrete with crack) =
o?
. . 4x?
Tf (in concrete without crack) = —
o?
T2
h =x A
T2
s
where
Tc = trave] time around the crack
T_ = travel time along the surface of the same type of

concrete without cracks

Compression tests were performed in accordance with
Ref. 3. All cores were tested dry although ASTM C 42 pro-
vides that cores be tested promptly after being stored in lime-
saturated water for 40 hours. Reference 4 states that cores
shall pe tested dry if service conditions in the structure are
dry.

A petrographic study of random segments of the test cores
was made microscopially to establish the types of minerals
present in the aggregates and tn determine if alkali-aggregate
reactivity was occurring.

Splitting tensile strength was determined by testing core
samples in accordance with Ref. S.

Rebound number of the in-place concrete was measured on
the interior face of the foundation in the pit area in accor-
dance with Ref. 6. Three representative areas were tested.

IX. Test Results
A. Sonic Tests

The sonic test was used to measure the depth of the largest
surface crack exposed in the interior pit face. The depth was
determined to be on the order of 0.69 m (27in.). Values
obtained using this method were supplemented with other
observations made on actual cores on cracks because it has not
yet been established how wide a crack must be to significantly
increase the transmission time.
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B. Standard Compression Tests

Six 101.6-mm- (4-in.-) diameter cores were obtained in the
pit area walls and delivered to an independent materials testing
laboratory for testing. Due to the friability of the samples it
was possible to cut and trim only one of the cores for com-
pression testing. The ultimate compressive strength of the one
core tested was 22.03 MPa (3195 psi). This one test result is
obviously very selective and can be considered to represent an
approximate upper limit for compressive strength in that it
was the only one segment out of six cores sound enough to
enable fabrication of a test sample. Indeed. portions of some
cores could be crumbled by finger pressure. The one compres-
sive strength test value obtained is below the design mix
concrete strength of 24.13 MPa (3500 psi), but slightly greater
than the structural design strength of 20.68 MPa (3000 psi). It
must be assumed that the strength of the concrete in much of
the mass might be well below the design strength.

C. Petrographic Examination

Core segments were petrographically examined by Dr.
Richard Merriam, consulting engineering geologist, in Septem-
ber 1980. His examination revealed the aggregate consists
largely of volcanic rocks, many of which are of approximately
andesitic composition and have partly glassy groundmasses.
Such rocks are known to be reactive with cement alkalies.
Dark “reaction rims™ were observed around the periphery of
some of the broken andesitic aggregate particles as well as
deposits of white silica gel in air voids and within cracks.
Both are features of concrete experiencing alkali-aggregate
reactivity, and Dr. Mernam concluded that the deterioration
was due to alkali-aggregate reaction. About one year later,
in October 1981, Mr. David Stark, Principal Research Petro-
grapher of The Portland Cement Association, Skokie, lllinois,
visited the Venus antenna to investigate our alkali-aggregate
reactivity because none had previously been reported in the
Barstow area. His on-site inspection supplemented by his
petrographic study of JPL-supplied core segments led him to
agree with Dr. Merriam that the Venus antenna foundation
concrete was indeed experiencing alkali-aggregate reactivity.

D. Standard Tensile Splitting Test

The splitting tensile test was performed on two test cores
by Twining Laboratories of Long Beach, California. The values
obtained were 2.55 and 2.96 MPa (370 and 430 psi). The tests
were selected to determine the influence of the reactivity
microcracking on tensile strength. The va'ucs obtained were
considered somewhat low by Twining Laboratories. Further,
the percentage of broken aggregate exposed on the split sam-
ple faces was very small, which indicates that the bond of the
aggregate to the paste matrix was low.
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E. Rebound Number

The compressive strengths obtained using the rebound
method were above 35.85 MPa (5200 psi). The rebound
hammer, in this case the Schmidt type, is principally a surface
hardness tester and there is little apparent theoretical relation-
ship between the strength of concrete and the rebound num-
ber obtaired using the hammer. Within limits, however, empir-
ical correlations have been established between strength and
the rebound number but there is a wide degree of disagree-
ment among various researchers concerning the accuracy of
the estimati~n of strength from rebound readings. The con-
sensus among users is that it is useful only as a rough indica-
tion of concrete strength. In the case of the Venus foundation
concrete, the hammer yielded much higher values of compres-
sive strength than those obtained from tests of core samples
taken immediately adjacent to hammer test areas. It is there-
fore believed that no conclusions can be drawn from the
hammer data.

X. General Condition of the Concrete

The test results indicated the following condition of the
concrete:

(1) The concrete is of questionabie to poor quality.

(2) Compressive strength is below the design compressive
strength.

(3) The aggregate is very reactive.

XI. Cause of Cracking

When all the test results were reviewed, the cracking was
established to be principally the result of the ~'kali-aggregate
reactivity. No corrosion of reinforcing steel was observed in
the cores and no rust stains were observed on the concrete
near cracks. Slight corrosion may be present but not in suffi-
cient amounts to be disruptive. Corrosion 1s a major concern
because the corrosion products occupy 2.2 times as much vol-
ume as the original metal and may develop pressures up to
32.41 MPa (4700 psi). This is considerably greater than the
tensile strength of concrete which is generally less than
3.45MPa (500 psi). and disruption of the concrete ensues.
Once the corrosion begins, it continues as long as oxygen and
moisture can reach the reinforcing steel. The dry desert atmo-
sphere has no doubt helped in keeping corrosion to less than
that needed to noticeably crack the concrete.

Xll. Alkali-Aggregate Reactivity

The phenomenon of alkali-aggregate reactivity involves a
chemical interaction produced by certain siliceous constituents
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present in the aggregates with alkalies in the cement. The reac-
uon produces silica gel. which then imbibes water from the
surrounding concrete and swells. The 1esulting volumetric
expansion damages the concrete by causing intense internal
microtracturing with an attendant reductio. in the strength of
the concrete and a diminution of 1ts elastic properties.

T.E. Stanton of the California Division of Highways first
tecognized the serious cracking and deterioranion of a con-
crete pavement 1n the Salinas Valley. California. in 193§, ap!
in 1940 he published a paper (Ref. 7) on the influence of
cement alkahes on certain aggregates. Based on his work. the
Division of Highways changed its cement specifications to
include a top lmut of 0.50 percent total alkali content (per-
cent Na,0+ 0.058x percent K,0) for regions where reactive
aggregates were used 1n making concrete. Subsequently. an
atkuh content of 0.6 percent of equivalent Na, 0 was accepted
in the Umted States as an upper limut for cement when used
with reactive aggregates. No records exist to indicate that the
cement used for construction of the Venus antenna tounda-
ton was certified as being ¢ “low-alkali™ type. Manutacturers
in the Mojave Deserc area have reported verbally that il ot
their cement production. regardless of type. has met the
0.6-pcrcent limat smce the early 1950s. which would cover
the pertod of construction ot DSS 13, Thus the best preven-
tative practice of the time was followed. consciously or not,
during construction. There are mdeed no indications that the
Barstow area concrete industry was awate, at the time of con-
struction that Jocdl aggregutes were reactive

In 1ecent yeurs. some mvestigators have come to realize that
the use of low-alkalt cement s not always ettective m contiol
ling deletenous expansion and 1 many cases only slows the
reaction.

David Stark of the Portland Cement Association first
reported 1n 1979 (Ref. 8) that tield and laboratory ohserva-
tions indicated that certain glassy volcanic aggregates used
with tow-alkali cements can react deleteriously. Stark 1denti-
fies the reactive volcanic matenals as being of andesitic to
rthy oliic composition These matenal types were found i sig-
mficant amounts 1 core samples tuken from the Venus
foundation.

Xlil. Rehabilitation Program

The results of the mvestigation wdicated that the useful
life of the Venus antenna foundation could be successfully
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extended 1f a rehabilitation program were developed and
implementea The design approach assumied that the founda-
ton concrete was satisfactory to carry the pedestal’s vertical
dead . hive loads even though cracked. but net its base shear
andjor uphft loads.

Structurdl analysts deterimined that the antenna pedestal
buse does not develop uphft from wind loading, but from
setsmie loading described 1in Ref. 9. To restore the effective-
ness of the exsting foundation, 1t was considered necessury te
provide only enough addittondl structure to resist uphift and
base shear loads. The foundaton 1s stll capable of performing
its function of spreading the concentrated antenna base dead
and live loads at 1ts top surface over the larger area of the
foundation bottom and thereby distribute the load to a
bearing pressure allowable for the bearing or founding solls.
The requnied resistance to uplift was provided by mstalling a
structural system composed of steel-framed braces attached to
each of the eight sloped steel columns in the antenna base
core. The outer Jower end vt eacli brace 15 anchored to 4 large
reinforced conerete grade beam. which. in turn. 1s anchored by
a wystem of cast-in-place concrete friction piles. A plan and
partial section of the structural system 1s shown in Fig. 6.
Construction  started  July 5. 1983, and was completed.
August 4. 1983, Figure 7 shows the installed system.

In addition to the mstallation of the braces. all accessible
cracks. greater than approximately 1.59 mm (Y, 1n.) wide.
were pressure ijected with a two-component epoxy adhesive
to seal the surface and stop mousture intrusion into the rein-
torcing steel.

All aggregate used 1n the new concrete work was obtained
from the Gwl Rock Co. pit Jocated near San Bernardino. Calr-
forma. Petrographic study of tlius matenal showed 1t to be
completely free of minerals known to be reactive.

XIV. Monitoring Program

Although the useful lite of the Venus Antenna has been
extended periodic imspections will be required to observe the
formation of new cracks or widening of the mjected cracks.
Further cracking 1s to be expected 1n that the ('kali-aggregate
reaction can continue for long pertods of time before stopping.
As new cracks occur, or old ones widen. additional epoxy
adhesives will be njected. Thus the usetul life of the antenna
can be prolonged.
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Table 1. Supporting contractors

Name Service

Pacific Materials Laboratory, Inc.,

Concrete mix design
Bloomington, Calif.
Concrete Materials Co., Source of aggregate
Barstow, Calif.
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MASTRAN Structural Model for the Large
64-Meter Antenna Pedestal
Part lll — Applicaticns to Hydrostatic
Bearing Oil Film

C. T. Chian and D. Schonfe!d

Ground Antennas and Facilities Engineering Section

Investigations were conducted on the 64-meter antenna hydrostctic bearing oil film
thickness under a variety of lvady and elastic modult These narametric studies used a
NASTRAN pedestal structural model to determine the deflections under the hydrostatic
bearing pas The deflc .ons formed the input ¥ » a compute, program developed by the
Frankln, .rstinite to do ermine the hydiostatic bearing oid film thickness For the future
64-meter to 70-meter antennu extensicn and for the 2.2-meter (86-in.) haunch concrele
replacement cases, the program predicted safe ol filin thickness {greater than 0.13 mm
(U.005 in.} at the corners of the pad). The effects of varying moduli of elasticity for dif-
ferent sections of the pedestal and the film height under distressed runner conditions

were also studied.

i. Introduction

This 15 the third and fingl article in a series of reports on the
stattc analysis and computer modelng tor the large 64-meter
ntenna oedestal  The pedestil structural model previously
reported 1n Rets T and 2 wias developed using the MSC version
of the NASTRAN Program.

The top surtace deflection ot the pedestal obtaned trom
the NASTRAN model was used as an .rput to the hydrostatic
bearing otl tilm program (Ret. ) to determine the mimmum
oll flm thickness berween the hydrostatic beartng pad and the
renner. The knewledge ot the oil tilm thickness was necessary
to conduct a vartety of hyvdrostatic hearr., rehabthitation
studies. A mimmuin <1l tilm thickness of 0.13 mm (0.005 1n.)
1s considersd necessary tor sate operation, to avold any metal-
to-metal contact between the hydrostatic beaning, and to
accommodate a variety of rurner maltunctions and placement
tolerances.
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A crossssectional daagram of the hydre tatic bearing 1
shuwn in Fig. 1 Detlected shapes of the hy rostatic beart g
pad and cunner surtace are astrated in Fig ..

Three parametnie studies were conducted to evaluate the
pertormance of the hydrostatic beaning system, Ettects on the
oll fulm thickness Jue to the following factors were considered
in each of the three parumetric studies

(1) The heght ot the new concrete in the pedestal haunch
drea.

{2) The ditterent moduh ot elasticity of the concrete in
the pedestal wall and haun:h area.

(3) The hydrostatic bearmg pad lowd increase due to the
planned antenna aperture extension trom 64-meter to
70-meter.

The results of these parametric studies will be presented 1n
Section 111
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Il. Description of the Oil Film Computer
Program

The hydrostatic bearing computer program was developed
by the Frankhn Institute (Philadelplia. Pa.) under contract
with the Jet Propulsion Laboratory (Ref. 3). The program’s
original use was to support the design of the 64-m antenna. At
that time. the program included a number of capabilities pre-
viously unavailable 1in other models. A...sng these capabilities
was the ability to analyze nonuniform film thickness, tilting
moments, and various lubricant supply modes. This program 1s
used 1n comjunction with the NASTRAN pedestal model to
predict hydrostatic bearing o1l film thicknesses under a variety
of load condittons. In this section, a description of the
Frankhin program is presented to indicate how 1t was used for
the 64-m antenna pedestal studies.

The derivation of the mathematical equations used in the
program 1s based on a number of assumptions. These assump-
tions are:

(1) Incompressible fluid.
(2) Two-dimensional laminar flow.
(3) Steady-staté conditions.

For bearings with a neghgible amount of relative motion. the
Reynolds Equation becomes

fa_(h3ap) a(}3ap) 0
ax

x| oy oy
The program solves Eq. (1) in tts dimensionless form. The
dimensionless foim 15 obtained using a charactenstic length £,
a charactenistic ol film thickness ¢. and a characternistic pres-
sure P,.

(1)

The result 15

aP 3P LI (H P BH P\ _ o )
ax?2 de H\ax ax T avay -
- P
- arm
P - Pr - Patn
1
h/c
=X =2
ATt YUI
where P_,,. is the atmospheric pressure.

The program makes use of the fact that Eq. (2) is linear n
pressure, P, in order to obtain a solution by superposition.

Superposition is obtained by assuming that each recess 1s pres-
surized 1n turn with the pressure at other recesses equal to zero
(Fig. 3). The final pressure distribution can then be expressed
as a inear combination of the individuai soiutions

PX.Y) =) 0P (X, Y) (3)

]

where o 152 dimensionless pressure weighting factor for each
recess

(P ) - afl?l

g _P .-P )

ref arm

The program has the ability to solve for various lubricant
supply schemes. with the following options.

(1) Separate pumps feed each recess.

(2) Separate pumps feed opposite pairs of recesses with
capillary compensation.

(3) A common manifol” feeds all recesses with capillary
compensdtion.

For the work presented here. option (1) was used throughout,
since that 15 the supply scheme on the 64-m antennas. Once
the program obtains a pressure distribution map P(X, Y), other
quantities can be computed as weil. In particular we are
interested 1n the clearance distribution A(X, Y).

The general shape of the clearance distribution can be
obtained either by the evaluation of an approprnate analytic
function or by point-by-point input. The program contains a
number of coefficients. 4,, 4., A4,; that are used to
specify possible functions for (X, Y). The general formula 1s:

H(X. Y)Y = A, +A25+A3I+A4s2+A5t2+A6st

3 3., 2 2
+A,s +A82 Ags r+Amst
A+ 4 +4 2
+A11\/A12+A13+A14’

+A15 cos(AMs)+A” cos(AlSt)

+A‘9 cos (Alﬁs)cos (Alst)
~Aa1\
+A20{e 21 LOS(Ale)

4o A21(1-X) (g [A“(l - Xy}

< -3

- 2742112 cos(A21/2)} (5)
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In this formula. the dimensionless coordinates s and ¢ are given
by

i
e
1
S
H
S
]
n

(6)

with X and Y, denoting the geometric center of the pad. As
4n example. for a uniform clearance distribution 4, = con-
stant and all 4, (+ # 1) = 0 A doubly-parabolic shape was
assumed to approximate the actual runner deflection pattern
and hence the clearance distnbution. and has provided accept-
able results. Tn terms of the formula shown above. the result-
Ing equation is

Y 3 2
HX. Y) = A A +.-15t (7)

The te-1n between the input to the Franklin progrum and the
NASTRAN pedestal model output 1s the runner deflection
map. Given a set of pedestal, bearing loads and elastic proper-
ties. the NASTRAN model predicts a deflection map for the
runner area under the pad (Fig 4). The deflections at the end
points of t'.e center lme s, £)=10.1 3).¢0.-13).(0.5.0) and
at the center point (0. 0) are used to find the coefficients 4, in
Eq. (5). Fitting these points gives a representation of the
whole surface te within 5% of the actual deflections. which s
considered sufficiently accurate.

To obtain the actual o1l film thickness. the 4, caefficient i<
varied until the pad load computed by the Frankhn program 1s
equal to the actual load on the pad For most of our work. we
determined ol film thickness based on th- pad 3 load of
11X 106 kg (2.4 X 10% Ib}. For the planned 70-meter exten-
ston load analysts. we varted this load to a maxumum of
1.6 X 10% kg (3.6 X 108 Ib).

The flexibility of Eq. 5 allowed various other deflection
configurations to be tried. in particular. the case of twist in the
runne- The clearance equation for this case is given by

= 2 244 ¢ ‘
HX. Y) = A +A; s+ A" +4 st (8)

or, for a simpler planar twist.
HX. Yy =A tAst 9)

Note that this is taken as an extreme case of runner distress,
reflecting actual profile measurements n the past.

Another advantage of Eq. 5 1s that 1t allows us to consider
pad deflection. By reducing the s2 term in Eq. 5. for example.
one can account for a parabolic deflection in the s-direction of
the pad. The ¢-direction deflection was not considered because
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most pad deflection occurred 1n the circumferential direction
(s). The results showed that mimmum o1l film thickness
oceurred at the corners of the pad. Based on previous opera-
tional experience. a 0.13-mm (0.005-in.) o1l film thickness at
the pad cortners 1s considered & minimum acceptable value. The
flow chart of the Franklin computer program 1s given 1n the
Appendix and Ref 3.

Ill. Parametric Studies

Three parametric studies were conducted to evaluate the
operability of the large 64-meter antenna:

(1) Effect on the o1l film thickness due to the height vai1a-
tron of the new concrete 1n the pedestal haunch.

(2) Effect on the oif film thickness due to the varniation of
concrete elastic moduli in the pedestal wall and haunch
area.

(3) Effect on the oil film thickness due to the pad load
increase for an antenna aperture extension from
64 meters to 70 meters.

A NASTRAN pedestal model was used to obtain the
pedestal top surface deflections. These in turn served as the
input to the hydrostatic bearing computer program for deter-
mining the o1l film thickness between the hydrostatic bearing
pad and the runner.

Two design charactenstics are used to evalunte the sensitiv-
ity of the hyvdrostatic bearing pad operation to the modulus of
elasticity. The first charactenistic 1s the maximum pad out-of-
flatness. Deflected shapes of the hydrostatic bearing pad and
runner surface are ilustrated . Fig. 2. Relative deflections
within the hydrostatic beanng r . and within the runner su-
face (from centerline to edge of pad) are shown as A and &,.
respectively

Design cnteria (Ref. 4) require that the mismatch of de-
flected surfaces. A6, be within 0.101 mm (0.004 in.). (This is
the variation of the film height between the pad and the
runner.) Out of this a maximum mismatch of deflected shapes
of 0.076 mm (0.003 1n.) was established as the allowance for
creep durmg construction before the bearing pads could be
moved. The remaining 0.025 mm (0.001 in.) was the design
criterta for mismatch of elastic deformations (Ref. 4). Since
creep strains have been compensated for by releveling of the
runner, the maximum pad out-of-flatness, a A8 of 0.101 mm
(0.004 1n.). can now all be accounted for by elastic deforma-
tions. These elastic detormations are part of the NASTRAN
output,

T
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The second characteristic used to evaluate the operability
of the hydrostatic beanng 15 the mmimum oil film thickness
between the pad and the runner. Based on previous opera-
tional experience. a mimmum ol film thickness, A, of
0.127 mm (0.005 1n.) 1s considered necessary for safe opera-
tion. Each of the three parametric studies 1s explained below.

A. Height of New Concrete in the Pedestal Haunch

In Ref. (1) we used the original pedestal model without
including the pedestal haunch hp. The pedestal concrete. with
an mitial modulus of elasticity £ of 2.1 X 1010 N/m?
(3 X 10% ps1). was replaced by a new concrete with the
modulus ot elasticity of 3.5 X 1010 N/m2 (5 X 10° psi) at
various heights from the top.

In Ref. (2) we used the improved pedestal model. which
included the pedestal haunch lip. As before. the pedestal con-
crete with an mmtial modulus of elastiaaity £ of 2.1 X 1010
N/m? (3 X 10% ps1) was replaced by a new concrete with the
modulus of elasticity of 3.5 X 1010 N/m2 (5 X 109 psi) at
different heights from the top. Results of this parametric
study are shown 1n Tables | and 2. as well as in Figs. 5 and 6.

B. Variation of Concrete Elastic Moduli in the Ped-
estal Wall and Haunch Area:

The severity of the concrete deterioration with accompany-
ing reduction i compressive strength and modulus of elastic-
ity varies widely throughout the pedestal mass. Studies to date
have shown that the most senious damage was in the haunch
area. A height of 2.2 m (86 1n.) of the concrete in the haunch
area has been replaced as part of the rehabilitation efforts.

Portions of the remaining pedestal concrete not replaced
have experienced moderate damage and are expected to drop
further in strength and modulus of elasticity in the future
since the alkali-aggregate reaction (the main reason of deterio-
rattons) 1s continuous. and not fully understood. Therefore,
this study was made to evaluate the operability of the hydro-
static beaning under these continuous deteriorations. The
modult of elasticity of the concrete 1n the pedestal wall and
the haunch area were varied. This study was further subdivided
Into two parts’

(1) The new haunch area down to a depth 2.2 m (86 1n.)
was assigned a fixed modulus of elasticity of 3.5 X
1019 N/m? (5 X 10 psi). while the modulus of elastic-
ity of the remaining wall was taken to be 2.1 X 1010
N/m?2 (3 X 108 psi1), 1.4 X 1010 N/m?2 (2 X 109 psi),
and 0.7 X 1019 N/m2 (1 X 108 psi). to simulate time
deteriorations. Note that tests made on replaced con-
crete showed £ > 3.5 X 100 N/m2 (5 X 10'¢ psi).

"
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(2) The pedestal wall was assumed to have a fixed modulus
of elasticity of 1.4 X 1010 N/m?2 (2 X 10 ps1), while
the new haunch area was assigned a modulus of elastic-
ity of 3.5 X 1010 N/m? (5 X 106 ps1), 3.15 X 1010
N/m2 (45 X ]0° psi) and 2.8 X 1010 N/m?
(4 X 10% psi) to simulate different values of the
replaced concrete.

Results of this parametric study showing the effect on the
otl film thickness due to the variation of concrete elastic
modult are summarized in Tables 3 and 4. Figures 7 and 8 also
give the results of this study.

C. Pad Load Increase With an Antenna Aperturé
Extension From 64-meters to 70-meters

This study nvestigates the effects of the increased pad load
of the antenna with an aperture extension from 64 meters to
70 meters on the pedestal deflection and the ou film thickness.
Pad 3 was assumed to have a load of 1.1 X 10¢ kg (24 X
10¢ 1b). In this study. four loads of 1.1 X 10® kg (2.4 X
106 1b), 1.3 X 10° kg (2.8 X 100 Ib). 1.45 X 106 kg (3.2 X
10% 1b). and 1.6 X 10% kg (3.6 X 10 Ib) were constdered for
pad 3. which correspond to load factors of 1.00: 1.17: 1.33:
and 1.50. respectuively. relative to the estimated present
o4-meter pad 3 load. This load wds based on integration of
recess pressure readings. The modulus of elasticity was
assumed to be 3.5 X 100 Nym2 (5 X 108 ps1) for both the
pedestal wall and the haunch area. The maximum filim height
variation. Aé. and the minimum film thickness. /. are given
in Tuble 5 for the four loads considered. The results are also
shown in Fig. 9.

IV. Conclusions

In this study we reported on applications of the NASTRAN
pedestal mode! to the hydrostatic bearing o1l film for the large
64-meter antenna. The NASTRAN model gave as one result
the top surface deflections of the pedestal. These deflections
formed the input for the hydrostatic bearing oil film computer
program to determine the minimum oil film thickness.

The knowledge of the mimumum oil film thickness between
the hydrostatic bearing pad and the runner was required to
conduct a variety of hydrostatic bearing rehabilitation studies,

Based on results oresented in this study, a height of
2.2 meters (86 n.) of concrete n the top most pedestal
haunch area has been replaced in the DSS 14 as part of the
rehabilitaticr efforts. For a new concrete with the modulus of
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elasticity of 35 X 10'0 N/in? (5 X 10° psi). the study pre-  70-meters was also investigated. For a pad load increase of up
dicted a safe ol film thickness of more than 0.13 mm to 20%, the study predicted a safe oil film thickness.
(0.005 1n.).
The techniques developed in this study will also be applic-
The effect on the oil film thickness due to the pad load able to future rehabuitation studies of the large 64-meter
increase for an antenna aperture extension from 6<4-meters 1o antennas in the DSSs 43 and 63.
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Table 1. Effect on the oil film thickness due to the height variation

PP TS

Table 3. Efiect of varying the modulus of efasticity of the
pedestal wali*®

Modulus of elasticity Film height Minimum oil film

£
5 of the new concrete in the pedestai haunch®b of the pedestal wall, variation thichness h,
1 N/m? (psi) AS.mm (n.) mm (n )
1
3 Film height  Mimmum 211003 x 10% 0.097 0.193
* Description, N/m? (psi) varlation Aé, 9“ film (0.0038) (60076
¥ . thickness A, 10 6
; mm (in ) mm (in.) 14 x10°Y(2x 109 0.102 0.191
- {0 0040) {0.0075)
Entire pedestal' E = 21 x 10 0.236 0.100 0.7 x 1010(1 x 10%) 0.119 0.178
(3 x 10% (0.0093) (0.0042) 10.0047) {0.9070)
- 10
Topl.4m(561m): £ = 3.5% 10 0.158 0.190 e ‘
sx 104 U o062y (0.0075) See Section HLB. A ,
: Remaining pedestal, £ = 2.1 X 1010 The modulus of elasticity of the top 2.2 m (86 in.) in the haunch
) (3% 10%) is considered to Le fived at 3 5 X 1079 N/m2 (5 x 109 ps).
: Top2.2m86mn) £ = 3.5 10'0 1 0150 0.193
: {5 x 10%) (0 0059) 10.0076)
Remaining pedestal £ = 2.1 x 1010 Table 4. Effect of varying the modulus of elasticity of the
(3 X 106) haunch .m.’b
- ,‘ :See Section lILA. Mo\i‘ull:;% of CI;ISUCII)/ t1lm height Mmmum o1l film
> Based on the onginal pedestal model (Ref 1). 0'1 etopl2m varation thickness &,
(86 in.) n the haunch. AS. mm (in.) mm (in.)
: N/n-2 (psi) ) ) ! ’
ta
' 3.5% 1010(5 x 109) 0.102 0.191
4 (0.0040) (0.0075)
3.15% 10104 s x 106y 0112 0.152
- Table 2. Effect on the oll film thickness due to the height vanation (0:0044) (0.0060)
i of the new concrete in the pedestal haunch*® 28 % 1010 (4 X 106) 0.125 0.152
(0.0049) (11,0060
Minimum
- Film height oil film 3Gee Section T11LB.
Description, N/m* (psi) vanatlop Ab, thickness 4. P The modulus of elastictty of the pc;icsta] wall 1 assumed to he
mm (in ) mm (in.) fived at 1.4 X 1019 N/m?2 (2 x 109 psi).
Entire pedestal: £ = 2.1 x 101° 0147 0.132
6
. (3x 107 (0.0058) (00052 Table 5. Effect of the pad load increase due to the
- Top 1.4 m (56 in): £ = 3.5 x 1010 I 0102 0.196 antenna extension®®
b (5 % 108) (0.0040)  (0.0077)
¥ p . Y= 10
¥ Remaining pedestal. £ 2}‘ x 10 pad (No. 3) Film height  Mimimum ol film
£ (3% 10% oad. k ‘(lb) Load factor variation, thickness, A,
Top2.2m (86 m): £ = 3.5x 1010 ) 0097 0.191 & a6, mm (in.) mm (in.)
i (5 x 109 (0.0038) (0.0075) .
) Remaining pedestal: £ = 2.1 x 1010 1.09 x 10 1.00 0.089 0.185
‘ (3% 108 (2.4 x 10% (0.0035) (0.0073)
- 1.27 x 108 1.17 0.104 0152
45ee Section 111 A. (2.8 % 10% (0.0041) (0 0060)
PBased on the improved pedestal model (Ref. 2). 1.45 % 10% 1.33 0.119 0.122
- (3.2x 10% (0.0047) (0.0048)
- 1.63 % 10° 1.50 0.135 0.086
(3.6 x 10%) (0.0053) {0.0034)

“See Section 11L.C.
P The entire pedestal is assumed to have a modulus of elasticity of
3.5 x 10"9 N/m2 (5 x 10© psi) 1n alt cases.
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Fig. 1. Cross section of hydrostatic bearing system
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Fig. 2. Deflections of hydrostatic bearing pad and runner surface
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Fig. 3. Recess pattern of hydrostatic bearing pad
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Appendix
Oil Film Computer Program Flow Chart
READ INPUTS:
1. NUMBER OF RECESSES
2. PROGRAM OPTIONS
[}
[GO 7O OPTION CHOSENJ
] 1 ]
OPTION 1: OPTION 2: | OPTION X QPTION 4 OPTION 5:
SOLVE FLOW
TERMINATE SOLVE FLOW PROBLEM WITH SOLVE NEwW TILY PREVIOUS
RUN PROBLEM ONLY BASIC SOLUTION PROBLEM CASE
ALREADY IN
Y ¥ 1 ]

READ INPUTS:

RECESS GEOMETRY
RECESS LOADS

FLOWS IN EACH
LIECESS

e

CALL SUBROUTINE
"FLOW"

CALL SUBROUTINE
"FLOW"

CALL SUBROUTINE
“FORMH"

CALL SUBROUTINE
"TILTH®

CALL SUBRQUTINE CALL SUBROUTINE
"REYN" "REYN"
1 '

CALL SUBRQUTINE
"FLOW"

CALL SUBROUTINE
“FLOW"

l RETURN

RETURN

t

] [ RETURN J I
1

J ﬁ RETURN J
1

Fig. A-1. Main program

READ INPUTS:
1. BEARING GEOMETRY GRIDWORK
2. PAD GEOMETRY

3. COEFFICIENTS OF ANALYTICAL
FUNCTION FOR CLEARANCE
DISTMBUTION

X,

GENERATE CLEARANCE DISTRIBUTION,
)

Fig. A-2. Subroutine “FORM H"
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READ INPUTS;

1. COORDINATES OF A POINT OF
INVARIANT CLEARANCE

2. f(L)TN'ONENTS (X, Y) OF THE
|

TILTS BY ANY SPECIFIED AMOUNT
THE CLEARANCE DISTRIBUTINN
ALREADY EXISTING IN CORE
STORAGE

Fig. A-3. Subroutine "TILTH"

READ INPUTS:

1. MAXIMUM NUMBER
OF ITERATIONS

2, TRUNCATION
CONSTANT

o

GENERATES COMPONENT SOLUTIONS, P.(X, Y)

AND THE CORRESPONDING COMPONENT
SOLUTION VALUES OF THE LOADS W,

i
CENTER OF PRESSURE COORDINATES, AND
FLOWS, Q

Fig. A4. Subroutine “REYN"

READ INPUTS:

1. PUMP CONFIGURATION

2. RESERVOR PRESSURE

3. CAPILLARY FACTORS

4. TOTAL FLOW OUT OF
"™ recess

MATCH COMPONENT SOLUTIONS WITH
THE PROPER FEEDING EQUATIONS,

EVALUATES CORRESPONDING PRESSURE
DISTRIBUTION P(X, Y), LOAD, W, CENTER
OF PRESSURE COORDINATES AND FLOWS
OUT OF EACH RECESS FOR ANY SPECIFIED
FEEDING CONFIGURATION

Flg. A-5. Subroutine “FLOW"
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Availability of the DSN Telemetry Data System
and Its Major Elements, Including
the TWM Assemblies

R. Stevens
Trlecommunications and Data Acqu'sition Office

The DSN Discrepancy Report System records all ou. .ges of DSN Data Systems that

occur during mission support operations.

The recorded atages of the Telemetrv Data

Svstem for 1981 through 1983 were tabvlated and anaivzed. The analysis deve'oped
availability characteristics of the Telemetry Data System and several of its major elements,

including, in particulur, the Traveling Wave Maser (TWM) Assemblies.

The principal

objective of the work was to provide a companison of availability characteristics of the
TWM Assemblies with those of other DSN subsystems and assemblies.

For the three-vear period, ihe Availability of the Telemetry Data System is 99.03%,
and its Mean Time to Restore Service is 0.9 hours; the Availability of the TWM Assem-
blies is 99 83%, and their Mean Time to Restore Service is 2.5 hours.

I. Introduction and Summary

This article presents Mean Time Between Fullures (MTBF),
Mean Time to Restore Service {MTTRS), and Availability data
of the Telemetry Data System and certain of its cnitical cle-
ments, including the Traveling Wave Maser (TWM) Assemblies
The results are based on analysis of Telemetry Data Syswm
outages recorded in the DSN Discrepancy Reports for 1981,
1982, and 1983.

The purpuse of the article is to support a comprehensive

study of TWM Assembly reliability. That study is reported in
Ret. |.

104

Table 1 contains the niost significant results of the analyss.

More than 100,000 station support hours are represented In
the data of the table. The Antenna + Pointing Subsystems and
the TWM Assembly are the two leading equipment contnbu-
tors to Telemetry Data System outage time.

The most significant probiem with the TWMs 15 their time-
to-restore-service chatacterstics. Table | shows a relatively
very long MTTRS (2.5 hours) for the TWMs  The results of 4
dotailed analysis of the 1982 and 1983 Dx Monthly Reports
are more descriptive of the problem. That sample cover
approximately 60K station hours. In that sample, there 1 a
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total of 22 times during the two years wi.en telemetry was
unavailable for most or all of a pass. Ten of those times were
caused by TWM unavailability. The TWM Assembly is cur-
rently by far the worst offender in causing long telemetry
outages.

Averaged over the last three years, the performance of the
Telemetry Data System meets the future MK IVA Availability
requirements; it does not meet the future MK IVA service
restoration requirements.

The time trajectory of the Telemetry Data System Avail-
abi! .y and the related outage hours for 10.000 station support
hours are shown in Fig. 1. Station support hours represented
by the points of Fig. 1 are: 1981 — 50K hours, 1982 — 50K
hours, 1983 -- 30K hours. As an example, the planned Vc,-
ager Uranus encounter operations require approximately
10.000 individual station support hours. Thus, if the 1986 MK
IVA performance is no better than the 1981 - 83 K Il
performance, about 100 hours of Uranus encounter telemetry
will be lost or significantly degraded by DSN Telemetry Daia
System outages.

Il. Discussion of Analysis
A. Data Source

The raw data were taken from the monthly DSN Discrep-
ancy Report (DR) System. During spacecraft mission support,
any interruption in a DSN Data System service is documented
by a DR. The DR identifies the faulty DSN Data System and
its faulty subsystem and assembly. The DR also gives the dura-
tion of service outage.

Data were taken from available monthly DRs for 1982-83
and from the DR data archives for 1981. The 1981 through
1983 period includes support of the Voyager 2 Satuin en-
counter and subsequent S/C testing and preparations for the
1986 Uranus encounter. The majority of other support was of
S/C in extended mission cruise. Overall, the pertod must be
characterized as much less demanding on DSN mission support
than what lies ahead after mid-198S.

The prime objective of this study is to compare operability
characteristics of TWMs with operabihity characteristics of
other subsystems or assemblies. That objective was met by
tabulating and analyzing the outages of the Telemetry Data
System. The Telemetry Data System includes the TWM
Assembly and other major subsystems and assemblies.

B. Results of Analysis

The summary tabulation of the DR data and its analysis are
in Table 2 Footnotes below the table explain the entries.

i~ pmading By on@S ek ave B Y | 3N
R m"" r 3 - . - - -

Failures in the five Telemetry Data System elements that
were analyzed, items 2-6 of Table 2, caused 80% of the total
telemetrv outage time during the three-year period (excluding
that caused by RF1). The remaining 20% of the outage time
was causced by failures in several cther subsystems/assemblies,
the effects of adverse weather and procedural ecrors. No detail
analysis of their individual contributions was done.!

Figure 2 is a plot of the Table 2 MTBF and MTTRS data
fur the Telemetry Data System and the five of its system
elements Data for the individual years and for the entire
period are plotted. Contours of constant availability are
shown. MTBF/MTTRS time-trajectories that move to higher
availabilities are generally good, and, conversely, those that
move to lower ones are generally not good.

C. Discussion of TWM MTBF and MTTRS

The TWMs occupy a lonely position on Fig. 1. They have a
relatively high MTBF, but also a high MTTRS. Actually. the
2.5 hour MTTRS shown is the average of a number of brief
outages when backup systems restore service quickly and a
number of very long outages when backup is not available and
the failed maser has to be fixed.

That characteristic is further illustrated in Fig. 3 by plots of
the percentage of telemetry function outage events (ordinate)
for which service was restored in less than the indicated time
(abscissa). Figure 2 shows the character of the Telemetry Data
System and three of its major elements: the Antenna + Point-
ing Subsysteras, the TWM Assembly. and the Telemetry Sub-
system. The relatively very high percentage of long outages of
the TWMs is evident.

Incidentally. Fig. 2 shows that the median time to restore
Telemetry Data System service is approximately 10 minutes.
It also shovs that 10% of the outages are of 2 hours or more
duration.

D. Outages from RF!

Telemetry outages from RFI1 were considerable, but they
did not impact high priority mission support. During the three-
year period, RFI caused 251 Telemetry System outages total-
ing 141 hours - 8 hours in 1981, 23 hours in 1982, 110 hours
in 1985 (cf. Table 2).

Detailed analysis of the 1982 and 1983 DRs showed the
following: Only missions in extended phase were affected

IThe weather effects ware analyzed for 1982 and 1983, The out-
ages were: Total -- 25.2 hrs; from wind - 19.4 hrs; from rain -
3.0 hrs (all X-band S/N degradation); from snow and ice —
2.8 hrs.

18§
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(Pioneers 10, 11, 12), there were no X-band outages; essen-
tially all RFI was from external sources (only 17 minutes
were identified as station internal); approximately 80% of the
events were predicted in advance.

ill. Availability, MTBF, and MTTRS: MK IVA
Future Requirements vs Current
Performance

A. Requirements

The DSN has two basic mission support regimes: mission
critical phase and mission cruise phase. An example of the
former is Voyager 2 Uranus encounter; an example of the
latter is Pioneer 10 extra-solar-system cruise.

The Availability and MTTRS requirements for the MK IVA
Telemetry Data System recognize the two support regimes.?
The basic requirements are:

Tele. funct.
restore time

Tele.
funct. avaijl.

Spacecraft
support regime

Critical activity 99.0% 30 mins max;
15 mins mean
Normal (cruise) 96.0% 30 mins max:

activity 15 mins mean

The requirements recognize that, realistically, performance
may be impacted by critical system elements that sometimes
cannot be restored to service in less than 30 minutes. Those
are elements having inherently long repair times and lacking
ready redundancy. The recognized inclusion of any such ele-
ments requires justification on a cost vs performance basis
during the system design phase.

B. Discussion of Requirements

1. Cruise support. The Availability requirement of 96% is
probably as high as can be justified. Actually. the dominant
factor in the support availability is the limited station track-
ing time that can be allocated to cruise miscions. For the lower
priority missions, that results in an average network support
availability vs their SIRD requirements ot about 50-80%.
Providing a Data System Availability greater than the 96%
specified would scarcely be felt by those users. Also, informal
studies by the TDA Mission Support Office have shown that,

2Deep Space Network System Requirements, MK IVA Telemetry
System {1984 through 1986), JPL document 832-16 (preliminary),
March 15, 1982. (Internal)
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usually. the economical approach to providing a significant
percentage increase in availability is via more station facili-
ties, 1ather than via increased system functional availabiity.

Regarding restoration time — except for emergencies and
scheduled special events support — the acquisition of cruise
mission data is basically not time critical. Probably the require-
ment shown is more rigorous than need be. although it is a
commendable goal for a smoothly operating network.

2. Critical support. The Availability requirement of 99%
appears realistic. It has a historical foundation with deep space
missions, because it appears that that is about what has been
provided in the recent past. The figure applies to a single
stream, and. in an arrayed configuration of N independent
antennas, the Availability implicitly is approximately 0.99N.
For example, the availability of the full capability of a three-
antenna array would be approximately 97%. Because the array
configurations are applied to the most critical support activi-
ties, this suggests that a more ambitious Availability goal may
be appropriate in the future.

The Time-To-Restore-Service requirement appears appro-
priate from a mission support perspective. However, 1t will be
very difficult to meet. If it is met. and the present MTBF is
maintained, the singie antenna system Availability will be
approximately 99.7%.

C. Discussion of Performance

The analysis did not differentiate between critical and
cruise S/C support periods. During the time covered by the
analysis. the majority of the support was for cruise phase
missions.

The average Telemetry Data System Availability deter-
mined for the three-year period is 99.0%. That meets the
stated MK IVA requirement for critical support.

The average MTTRS determined is 0.9 hours. The 1982-
1983 data show a significant number of long outages: e.g., 10%
of the outages are greater than 2 hours. These service restora-
tion characteristics are far off of the MK IVA mark.

D. Discussion of the Findings

The leverage on improving the Availability and service
restoration performance of the Telemetry Data System is with
the Antenna + Pointing Subsystems and the TWM Assemblies.
They cause 31% and 18%. respectively, of the total system
outage time. The TWMs cause almost half of the system out-
ages longer than 6 hours.
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If the MTTRS of the TWMs were improved to the average
of the other Telemetry Data System elements examined
(0.8 hrs), the System MTTRS would be reduced from 0.9 to
0.8 hours, and its Availability would be increased from 99.0%
to 99.2%. Achieving that TWM MTTRS will require full
redundancy and exceptionally vigilant maintenance and use
procedures.

The current MTBF of the TWMs is very good, relative to
other station equipment. It is believed to be practical to dou-
ble it. Achieving that is especially important for critical event
sup, ort when TWM redundancy 1s not available.

Finally, the large antennas and the ability to point them
correctly are in a special categorv. An outage of the antenna
causes an outage of all DSN Data Systems that are in use for
mission support, not only Telemetry. The subsystems that
provide the function ar large and complex, have mechanical
and structural elemenis that are time consuming to replace or
repair, and full and effective redundancy is very expensive.
Nonetheless, their contribution to system outage is prominent,
and any impro» *ment that could be made in their availability
characteristics would produce a significant improvement in
the Telemetry Data System Avalability. That is probably also
true for the Availability of the other DSN Data Systems.

Reference

1. Stevens, R . and C. P. Wiggins. A Study of DSN Traveling Wave Maser Reliability, The
Telecommunications and Data Acquisition Progress Report 42-78, Jet Propulsion
Laboratory, Pasadena, California. August 15, 1984.
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Table 1. Analysis of Telemetry Data System outages

No. of Qutage MTBF MTTRS Availability @
Syst/§S/assy outages hours (hrs) (hrs) %
Tele Data Syst 1182 1044 90 0.9 99.03
Antenna + Pointing SSs 354 322 300 0.9 99,70
TWM Assy 75 186 1420 2.5 99.83
3Availability = MTBF/(MTBF+MTTRS)
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Table 2. Summary of telemetry outage events and resulting MTBFs, MTTRSs, and Availabilities®

. ) Time Number of Total outage Station MTBF MT1RS Availability
Syst/Subsyst/Assy period outage events? (hours) hours (hours)®  (hours)®  for telemetry (%)¢

1. Telemetry Data System 1981 500 414 47,700 95 0,83 99.13
(without RFI outages) 1982 362 294 30,100 83 0.R1 99.03
1983 320 336 29,000 91 1.05 98.86

All Years 1182 1044 106,800 90 0.8 99.03

2. Antenng + Pointing SSs 1981 138 107 “ 346 0.78 99.78
1982 129 109 " 233 0.84 99.64

1983 87 106 . 334 1.22 99.64

All Years 354 322 ¢ 302 0.91 99.70

3. TWM Assy 1981 29 65 ¢ 1645 2.24 99,86
1982 20 55 o 1500 2.75 99.82

1983 26 66 * 1120 2.54 99.77

All Years 75 186 “ 1424 2.48 99.83

4. Receiver SS 1981 80 77 « 596 0.96 99.84
1982 52 29 “ 578 0.56 99.90

1983 58 59 “ 501 1.02 99.80

All Years 190 165 - 562 0.87 99.85

5. Telemetry SS 1981 66 58 ‘ 723 0.88 99.88
1982 36 42 “ 835 1.17 99.86

1983 47 13 s 618 0.28 99.95

All Years 149 11 - 717 0.76 99.89

6. Facility 8§ 1981 32 20 “ 1491 0.63 99.96
1982 14 14 “ 2210 1.00 99.95

1983 _ 18 9 “ 1610 0.50 99.97

All Years 64 43 N 1669 0.67 99.96

7a. Telemetry Data System 1981 516 422 " 92 0.82 99.12
(with RFI outages) 1982 413 317 “ 73 0.77 98.96
1983 504 446 " 58 0.88 98.51

All Years 1433 1185 ¢ 75 0.83 98.91

7b. RFI Outages 1981 16 8 “ 2981 0.50 99.98
1982 51 23 .« 589 045 99.92

1983 184 110 o 158 0.60 99.62

All Years 251 141 “ 425 0.56 99.87

3From DSN DR« for 1981-83. Data from 35 monthly DR reports are included in Table 2 — the September 1982 report was not available,

bOnl) DRs that cansed a recorded outage of the Telemetry Data System are included in the tabulation. The outages are recorded to the closest
minute, so outages less than 1/2 minute are uncounted. For example, during 1982-83, there was a total of 46 DRs against the TWM Assy that
resulted in telemetry outages - those 46 were included in the count. Also, there was a total of 16 Telemetry System DRs against the TWM Assy
that did not cause recorded outages - those 16 were not included in the count.

°The MTBFs shown are calculated as the number of station tracking hours divided by the number of telemetry outage events for the period con-
sidered. That approach implicitly assumes that station hours=telemetry hours, which is not quite true. For example, a small amount of VLBI
for mission support does not provide simultaneous telemetry. That results in telemetry hours less than station hours. Conversely, some telem-
etry is dual channel, which results in telemetry hours greater than station hours. The assumption was used for simplicity: it probably doesn’t
bias the MTBFs by more than a few percent.
The MTTRSs shown are calculated as the total outage time divided by the number of recorded outages for a period.

®The Telemetry Data System Availabilities are calculated as the MTBF divided by the sum of the MTBI plus the MTTRS.
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PERCENT OF TELEMETRY OUTAGE EVENTS WITH MTTRS LESS THAN ORDINATE
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Fig. 1. Avallability and outage hours per 10K support hours for
DSN Teiemetry Data System
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TDA Progress Report 42-78 April - June 1984

A Study of DSN Traveling Wave Maser System Reliability

R. Stevens
Telecommunications and Data Acquisition Office

C. P. Wiggins

Telecommunications Science and Engineering Division

This article reports on past and present reliability and availability characteristics of the
DSN Traveling Wave Maser (TWM) Assemblies. For the years 1981 through 1983, the
characteristics determired are. Mean Time Between Failures (MTBF) 1200 hours; Mean
Time to Restore Service (MTTRS) 2.5 hours; and Availability - 99.83%. The TWM
MTBF currently is very good relative to other DSN subsvstems und assemblies, however,
it has been significantly better in the past - in the late 1970s it was 3000 hours. The
TWM MTTRS s currenily about three times as long as the average of other DSN sub-
systems.

The dominant cause of TWM failures is contamination of the helium gas in the closed
cycle refrigerators. Station configurations that do not provide TWM redundancy are
subject to having reception outages for long periods of time.

A number of recommendations are made 1o improve the TWM Assembly availability
characteristics for future mission support operations. Many of the recommendations
result from a network-wide workshop of TWM experts that was recently conducted at the
Canberra Complex.

l. Introduction and Summary The unique and critical attribute ot the TWMs for deep
space communications 1s the very small noise they introduce

A. Introduction the latest models add no more noise than the cosmic back-

The Traveling Wave Maser (TWM) Assemblies used on the ground (3K). That has enabled total system temperatures of

large DSN antennas are truly remarkable devices. Their techni- 13 to 20K, increusing the reception capability of the DSN's
cal performance 1n the field is essentially equivalent to the best large antennas by about a factor of two relative to that cur-
attainable in a laboratory environment, rently obtainable with any other amplifier approach. Other
192 ¢
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important attributes of the TWMs are: 40-45 dB gain vver the
S- and X-band frequencies assigned for deep space reception,
excellent phase and amplitude stability, lage dynamic 1ange
(greater than 100 dB). and immumti, trom damage by any
reasonable input overload.

However, achieving a high availability of the TWM Assem-
blies 1s a very demanding task. And high availability is essen-
tial, because a TWM outage results in loss of DSN reception
capability until the function is restored In recent years. the
availability of the TWM Assemblies apparently has been
degrading. This study was done to assess the situation

B. Summary of Study Findings

The current Mean Time Between Failures (MTBF) ot the
TWM Assemblies is very good relative to other DSN station
equipment. The MTBF has been, and can be, significantly
better than it 1s now. The dominant cause of TWM Assembly
tailure is gas contammation in the helum refrigerator

The Mean Tine to Restore Service (MTTRS) of the TWM
Assemblies is about three times longer than the average of
other station subsystems. The TWMs are the dominant cause
of very long outages of station reception capability. Unreliable
single point of failure mechanisms must be reduced at the sta-
tions to mmprove the service restoration charactetistics of the
TWM Assemblies.

The Availability! of the TWM Assemblies is approximately
99.8%. The TWMs account for about 20% of the total outage
time of the Telemetry Data System, and almost one-halt of 1ts
outages that are longer than six hours. It 15 practical to
improve this performance significantly in the future.

A DSN Maser Reliability Workshop was conducted Maser
experts from all of the complexes and from JPL participated.
The Workshop report gives a priontized set of recommenda-
tions to provide improved TWM Assembly maintenance and
repair capability at the complexes. The report also gives
recommendations for enginecting development effort to pro-
vide improved TWM Assembly availability characteristics.

C. Summary of Recommendations

The recommendations frotn the study are, in order of
priority:

1. Implement the First Prionty items as recommended in
the Workshop report.

The items pertain to use ot best avatlable field maintenance
and repair techniques . d to providing needed instrumenta-

! Availability = MTBF/(MTBF+MTTRS)

. MR oI . A A S B ,z,,ggm“:m

tion and logstic support at the complexes. Implementation will
lead tu sianificantly improved TWM MTBF. It will also mini-
mize the sk of fulures from maintenance or repair processes
that have unperceived faults. Such faults can result 1n con-
current failures of both prime und back-up TWM Assemblies.

2. Provide on-line back-up configurations at supporting
stations for all periods of cnitical S/C activity support.

This will greatly improve the service restoration characterns-
tics of those Front End Aress (FEAs) currently lacking redun-
dant TWM Assembly configurations Specifically. that includes
redundant X-band TWMs tor FEAs 12 and 42 by early 1955,
and for FEAs 15,45, and 65 by 1988,

3. Emphasize the care lavished on TWM Assemblies at
FEAs that wi'l be used for critical support but that will lack
redundancy.

This will maximize the MTBF of the non-redundant TWMs,
and thus will decrease the hikelihood of long reception outages.
Specifically, that applhies to FEAs 15 and 45 at X-band fo
Voyager at Uranus. It also applies to FEAs 14, 43, and 63 at
S-band for International Cometary kxplorer (ICE) cnitical
telemetry and for Gahleo eritical radio science  both require
simultaneous use of the prime and the back-up TWMs,

4. Implement the distributed ground fault protection in
the TWM AC input power circuits at FEAs 14 and 12

Currently at the Goldstone Complex, AC 1nput power
ground fault protection circuntry 15 common to all individual
TWM Assemblies Thus, a4 single ground fault can cause all
TWMs, primes and backups, to tail. Implementation of distri-
buted protection will lower the risk of long outages at
Goldstone.

5. Undertake the High Priority Engmeering Development
Tasks, and implement the Second Prionty Mamtenzace and
Sustaining items cited in the Workshop report.

This will further improve MTBF and MTTRS und will
reduce the effort required at the complexes to maintain a very
high level of TWM Assembly performance.

Il. Study Background

The basic objectives of this study are. (1) to understand the
avatlability characteristics, past and present, of the DSN TWM
Assemblies, and (2) to identity actions that would improve
their availability characteristics for future mussion suppott
The study was started 1in June 1983. This report covers the
complete study.
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lll. Availability Characteristics of
TWM Asserblies

The term, ‘*‘Availability Characteristics,” as used in this
article, includes the MTBF the service restoration properties,
including the MTTRS; and the formal Availability that was
previously defined.

A. MTBF History

Analysis of failure and DSN Discrepancy Report (DR) data
gave the MTBF history shown in Table 1.

Approximately 1.8 million TWM operating hours are repre-
sented 1n the table.

B. Availability of the TWM Assembly vs Other
Station Equipment

An analysis was done of the DSN Telemetry Data System
outages for 1981 through 1983 (Ref. 1). The outage data were
obtained from the DSN DR System reports. The Telemetry
Data System includes the TWM Assembly as well as other
major assemblies and subsystems. By tabulating the specific
causes of the System outages, a comparison of the availability
characteristics of the TWMs vs other major System elements
was obtained.

The analysis of the Telemetry Data System outages gave the
results shown in Table 2.

Approximately 107,000 hours of scheduled Telemetry Data
System support are represented 1n the table.

The MTBF of the TWMs is relatively very good. However,
the MTTRS of the TWMs is relatively very poor. Also, the data
showed that the TWMs caused almost half of the Telemetry
Data System outages that were longer than six hours.

C. Causes of TWM Assermbly Failures
Analysis of the 1981-1983 DSN DRs to 1dentify causes of
TWM Assembly failures gave the results shown in Table 3.

The DR data show that refrigerator contamination is the
dominant cause of TWM Assembly failure. That is supported
by analysis of failure data samples collected from the stations
during the past ten years: Of a total of 376 failures, 218, or
58%, were attributed to refrigerator contamination.

IV. Maser Reliability Workshop
A. Workshop Background

A Maser Reliability Workshop was co {ucted in December
1983, hosted by the Australian Complex. An agenda was pre-
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pared in advance by the JPL Cognizant Operations Engineer
(COE) and the JPL Cognizant Development Engineer (CDE)
with input and review by personnel from all of the complexes.
A preliminary maser reliability improvement engineering pro-
gram plan was prepared by the JPL Section 333 Microwave
Electronics Group, including the CDE, and supplied to the
Workshop participants for assessment. Maser experts from all
complexes and maintenance facilities and the JPL COE and
CDE participated in the Workshop,

B. Workshop Results

A formal report of the Workshop activities was issued.
The report gives recommendations in three categories:

1. First Pnionity Implement FY84
1. Second Priority Implement FY85

[I1. High Priority Development Tasks

The Workshop attendees recommended that the Category |
items be implemented prior to the Voyager encounter at
Uranus. The Category | items abstracted from the Workshop
report are:

1. Implement new and upgraded maser operation and
maintenance procedures (developed at the Workshop);

2. Supply to each complex the necessary support equip-
ment identified by the Workshop as required to perform Work-
shop recommended procedures;

3. Establish a special training course at each Complex
Maintenance Facility for maser operation, maintenance, and
repair personnel. The course should embody the latest and
best engineering and operating knowledge of the DSN TWM
Assemblies;

4. Implement the computer-based TWM-CCR monitoring
and analysis system proposed in the preliminary reliability
improvement engineering plan, previously noted, and include
additional monitoring points as recommended by the Work-
shop; and

5. There are several engineering changes to the TWM
Assemblies currently proposed. The following Engineering
Change Orders (ECOs) are recommended by the Workshop as
being top priority*

a. Provide new extended range flow meters for
proper instrumentation of the Joule-Thompson valve return
flow.
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b. Provide for constant flow through the storage tank
of the helum compressor, and add a pressure relief valve to
the helium storage tank.

¢. Provide a second stage il injection hne filter in
the helium compressor.

There are thirteen Category Il (Second Priority Implemen-
tation) items. They are considered by the Workshop attendees
as being straightforward, of lower priority than Category I
items, and they should be implemented as soon as practical
after the Voyager Uranus encounter operations. The top four
items on the list are:

1. Provide a mechanism to bypass in-service flow meters
so that they may be calibrated or replaced without interrupt.
Ing service.

2. Provide a mechanism to replace in-service adsorbers
without affecting maser operation.

3. Refrigerator stage temperature monitoring sensors
should be made available as soon as possible and added to all
CCRs during routine repair cycling.

4. A service loop should be put in the compressor plumb-
ing between the first stage oil separator and the ontice block
to overcome the vibration failure of this line.

There are thirteen Category 1T (High Prionty Develop-
ment) items that the Workshop attendees recommended
should be investigated as soon as possible. The top three items
on the list are:

1 Compressor upgrade to a Shp motor. The compressors
currently use a 3hp motor that is overloaded by the new
TWMs.

2. Develop field techniques for measurement of gaseous
impurities in helium.

3. Develop a thorough understanding ot the behavior of

the compressor oil at increased temperature.

V. Goldstone Power Distribution Study

A. TWM Assembly Outages Due to Power Failure

Analysis of the 198] through 1983 DSN DR records tor
TWM outages due to AC power failure gave the results shown
n Table 4.

C mesa v - P R e ]

Several of the outages at Goldstone were long. DSS 44 has
been deactivated since the reported fatlures.

B. Study of Goldstone Power for TWMs

A consultant was engaged to assess the suitability of the
power system that supplies the TWMs at Goldstone. The fol-
lowing s extracted from the consultant’s report.

Four of the (Goldstone) outages were caused by an
accidental ground contact and eleven of the outages were
caused by the undesired placement of ground fault protec-
tive equipment. The resul was that a ground fault in any
single compressor would cause loss of power to all other
compressors served by the same “cryogenic™ power panel
This condition has been recognized and ground fault pro-
tective - utpment for the individual compressors was
purchased and portions have been received. The study
RECOMMENDED that installation of this equipment be
given high priority.

... Other methods of improving reltability of electric
service were studied which included by-passing busses and
panels to reduce exposure to equipment failure and the
additon of “clean™ or dedicated circuits between the
power source and the cryogenic panels Costs ranged from
$3,250 1o $68.000 for the possible incremental improve-
ments to a basically reliable system NO additions were
RECOMMENDED.

The study also examined the reliability of commercial
power and the first level ot redundancy which 1s the local
station power. The advisability of installing a second level
of redundancy consisting of emergency generation located
adjacent to cryogenic power panels was also examined.
Costs ranged from $85,000 at DSS 12 & 15 to $143,000 at
DSS 14, It was determuned that the multiplicity of local sta-
tron generators uand the good record of automatic transfer
from commercial power to station generation during com-
mercial power outages provide adequate rehiabihity of power
service to the maser compressors. NO RECOMMENDA-
TIONS were made. The transfer process should be given
periodic and realistic tests.

VIi. TWM Assembly Redundancy and
Spares

A. Pianned Operational Configurations

The Mk IVA DSN will have TWMs contigured as shown :n
Table S.

The 2" TWM configurations provide redundancy for all
conventional support operations. Some non-conventional
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support operations will be discussed 1: the next section In
summary. Table 5 shows that it current plans are mmple-
mented. there will be TWM redundancy at all FEAs except 15
and 45 by 1983 by 1985 there will be no exceptions

B. Consideration of Support Operations When
Redundancy is Not Available

When a TWM Assembly tails, 1t 1s almost sure to bhe out ot
service tor 12 hours or more Theretore. 1t there 1s not on-line
redundancy available, a long reception outage 1s inevitable.

Here are three cases where on-hine TWM redundancy s not
avatlable

1 The FEA has o single TWM  An example 1s FEAs 15
and 45 used tor X-Band support ot Voyuger at Uranus All
FEAs at the complexes will be simultaneously in use tor
Voyager support, so that tunctional back-up will not exist,

2. The mussion support requires use of both prime and

back-up TWMs. An example s support ot ICE for a year begin-
mimg i March 1985 with a one-day critical encounter in Sep-
tember  ICE requires use ot both prime and back-up $-Band
TWMs to enable combinmg of two carrier channels, The sup-
port will be provided by FEAs 14,43, and 63,

Another example 1y support ot polarization m. surement ot
the Gahleo S-Bund signal. That measurement requires use ot
botl: prime and back-up TWMy FEAs 14,43 and 63 will be
used  The measurements are cnticdl to Jupiter environment
radio science experiment support, They will be made tor about
one week 1 Auvgust of 1988, and termattently on a pre-
detined schedule until Apal ot 1990

2. A common tatlure node brings down both prime and
back-up TWMs. Recent examples ot this are taulty charcoul
titer stock unknowmgly used m manienance of muluple

TWMs. and extended power outage to the TWMs

Without TWM redundancy. lowening the risk ot having an
extended reception outage requites mcreasing the TWM
MIBE. Although the TWM MTBF 1s good, 1t 1s believed that
apphication of  the use. maintenance, and repanr practices
recommended by the recent TWM Wotkshop will provide
signtitcant improvement. Also, healthy TWMs have the best
chance of surviving AC power imterruptions,

Etteres to provide mmprovements should tocus especially
on preparations tor cntical $C support events.
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Vil. Improved Instrurientation of TWM
Refrigerator Operating Parameters

We believe that observation and analysis of the operating
parameters of the TWM Closed Cycle Retrnigerators (CCRs) can
provide insight o CCR condition and can iden..ty impend-
g CCR tatlures betere they oceur

A. Previous Work on Instrumentation

An euarly result ot this study was the recommendation to
develop and demonstrate o computer-based data collection and
analysis system tor the CCRs. The concept was endorsed by
the TWM YWorkshop 1t 1v Recommendation 4 of the Prior-
iy 1 Dist (see Sectuion [V.B.) Work was started but has been
temporarily set aside on the design ot 4 prototype.

Meanwhile, attempts were made to analyze CCR parametes
data previously collected by hund The results could not vali-
date the behet that reliable predictions of mcipient tatlures
could be obtamed trom the data One problem with all ot the
pise data avartable v that the entical measurement ot the
Joule-Thompson stage return tlow 15 spotled by a flowmeter
that 1s saturated almost gl of the time That problem can he
corrected tor the tuture by the implementation of a planned
ECO (reter to IVB, 1tem 54)

8. Current Work on Instrumentation

The TWM'CCRs at DSS 12 will be properly mnstrumented.
and their operating parameter data will be systematieally col-
lected tor a period ot several months The data will be manu-
ally collected and analy/zed. Detiniion ot the data collection
regimen and the analyses ot the data are under way

It the cttort iy successtul. as we believe 1t must be. the
results will be used to guide the tuture development ot
computet-hased  prototype  system. Also, the resufts will
provide technigues tor manual data collection and analysis
that can be used duning the mterum until the computer-based
system s avatlable to the network,

VIIl. Concluding Observations

Reliable pertormance ot the [WM Assemblies 15 essential,
espectally during support ot cntical §,C activities,

Both the MTBF and the MTTRS of the TWMs can be
mproved signtticantly by practical measures. The MTTRS
probably needs the most attention, but when redunduncy s
lacking. unproved MIBF 15 the only road to lowenng the risk
ot long vutage of reception capability.
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Table 4. TWM outages due to AC power failure

No. of TWM Qutages

w - X
Table 1. MTBF history
Time Period Approximate MTBF (hrs)
X lex-Stati
Late 1960s 1300 Complex-Station
Late 1970s : 3000 ]
d -D
Farly 1980s 1200 Goldstone- DSS 12

Canberra—DSS 44

Goldstone- DSS 14

Total (refer to Table 3)

Table 2. Analysis of Telemetry Data System outages

Table 5. TWMS configurations

Total .
MTBF MTTRS  Availability
Syst/SS/Assy O(L;::!;e thrs) (hrs) (") Complex—-FEA X-Band  S-Band Comments
yold—12 a 2 y 1985 if 1 SPC-1
Tele Data Syst 1044 90 0.9 99.03 Gold—12(34m) 12) 2 :pz)n)e( lbn)stll(?:ss ;3“]} SPC-10
Antenna+APS SSs 322 300 09 99.70 ) ‘
TWM Assy 186 1420 25 99 83 Gold- 14(64m) 2 2
Recewver SS 165 560 0.9 99.85 Gold— 15(34mHEF)  1(2) (2) planned by 1988.
Telemetry SS 113 720 0.8 99.89 S-Band FET
Facility SS 43 1670 07 .
R 99.96 Gold - 10¢ spares) 2D 4 (1) X if spare instld as on-
line B/U at FEA-12.
Aust - 42(34m) 1(2) 2 (2) X by 1985 if 1 SPC-40
spare 1nstld as B/U.
Aust 43(64m) 2 2
Aust -45(34mHEI) 1(2) (2) planned by 1988.
S-Band FET.
Table 3. Causes of TWM Assembly failures Aust—40(spares) 200 3 (1) X if spare instld as on-
line B/U at FEA-42.
Area of Failure No. of % of
Failures Tntal No. Spain - 61(34m) 2 2 Spare X has been instld as
on-line B/U,
Helium Refngerator 120 64 , b 2

Contamination (109) (58) Spain-63(64m) - -

Other (drive unit, etc) (1) ) Spamn--65(34mEEF)  (2) (-) FEA on-line 1988. Gets
Helium Compressor 14 7 2 X TWMs and S FET.
Miscellaneous (pump, MWV, electr.) 30 16 Spair— 60(spares) 1 3
AC Input Power 19 10
Unidentified (DR not deftnitive) 6 3 a "

—_— R Numbers in parentheses are changes to present configurations.
Total 189 100
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GCF Compatibility With Packets and Data Compression

E. C. Posner
Telecommunications and Data Acquisition Office

P. Merkey
California institute of Technoiogy, Graduate Student

i Some missions using packets and/or data compression may want an undetected GCF
block error rate of 10~¢. Here we show that the present GCF meets this requirement.

-~ I. Introduction is obtained. The actual probability that a block contains an
The DSN GCF High-Speed Data Lines and Wideband Data error will of course be slightly greater than this because of
Lines use blocks of length 4800 buts, 22 of which are parity undetected errors.
bits generated by the NASCOM polynomial (Ref. 1):
18 y POl ( ) The undetected error rate is the probability that a block
G(X) = X2+ X204 x4 x4 x12 4 x11 4 x8 passes the divisibility test but nonetheless contains an error.
For packet telemet:y systems (and all the more for packet
tXT XS4 XX 41 (1) telecommand) as well as for missions with image or other data
compression, it may be necessary to keep this undetected
black error probability below 1078 (Ref. ). Is the block error
or, 1n factored form, .
f. 1n tactored for probability below 107%? It is hard to measure directly with
; GUX) = (X+1) (X104 X3+ H(x0+ X+ x4+ x+ 1) currepf 1nstr}1mentatlon‘ but this article shows that the
: requirement 1s met anyway.
4 A codeword or code block 1n this code is a block of 4800
. bits of 0 or 1 which is identified with a polynomial in X with
. r
‘3 0 or ! coefficien 5 and modulo-2 addition. A codeword then ll. Code Structure
C - is polynomial of degree at most 4799 divisible by G(X). Reference 4, plus a little calculation, shows that a length-
i g
. 4800 binary code with 22 check bits is at most single-erro--
K If an error 1s detected by virtue of the fact that the re- correcting. Since X + 1 is a divisor of G(X). the weights of
v ceived block, regarded as a polynomual, is not exactly divisible the codewords are all even. Hence our code has minim.am
;f‘ by G(X). an error is detected, and a retransmission may be distance 2 or 4.
= requested depending on mission requirements (Ref. 2) Mea-
- surements conducted for the TDA Engineering Office show Actually, the minimum distance is only 2. This is because
: that at most one block in 200 contains at least one bit error,  of the following argument. From Ref. 5, define M) (X) =
so, without retransmissions, a throughput of 99.5% (or more) X0 4+ X? + 1, a primitive polynomial, with root, say. . Then
.. 199
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M®) (X), defined as the wreducible polynomial with root a®.
also has degree 10 and is the second degree -10 factor in
G(X) of Eq.(1). Thus'

G(X) = (X +1)* MY xyMP (x)

Here MM (X) divides X'°23 + 1 and no smaller binomual, by
primitivity. The theory of equations shows that M® (x)
divides X3*!' + 1 and no smaller (because 1023 = 3 X 341).
So H(X) = (X + ) MV (X) M (X) also dwvides X1023 +]
and no smaller binomial Thus, G(X) =(X + 1) H(X) divides
(X'023 4 1)2 = X209 4 1 But X29% + 1 15 a codeword,
being a multiple of G(X). Hence there are codewords of
weight 2. and the code is of distance 2. not 4.

We note in passing that the code generated by MV (X) -
MDD (X) alone, of degree 20 (20 check bits) generates a
distance-5 BCH code of length 1023 (Ref. 6). The NASCOM
code however uses (X + 1)° times this. of degree 22, but.
more 1mportantly, out to length 4800. How many code-
words of weight 2 are there in the NASCOM code? We need to
know this to estimate error probabilities.

If C(X') is a codeword of weight 2. then
CX) = (X'+hHX

for some non-negative integers with i + 7 at most 4799. Now
G(X) divides C(X) since C(X)1s a codeword. 30 G(X) divides
X'+ 1. All the more. M™) (X)) divides X' + 1. s0 i 15 a multiple
c" 1023. Since (X + 1)® must divide X' + 1. must be even.
Since { +j is at most 4800, 7 = 2046 or 4092.

If 1+ = 2046, 7 can range from 0 to 4799 - 2046 = 2753.
There are 2754 codewords X'/ + X/ with i = 2046. If 1 =
4092. j can range from 0 to 4799 - 4092 = 707. so there are
708 more codewords of weight 2 Altogether. the code has
2754 + 708 = 3462 codewords of weight 2.

Ill. Independent Errors

First suppose bit errors 1n a block occur independently.
This is not necessarily the case. But. if it were, the input bt
error probability is derivable from the fact that at most one
block in 200 contains at least one error. If p is the bit error
probability. it will be small. So the block error probabihty r
is about 4800p, and

-
4800p = 200
p = 096X 107°

200

- = - R T, T

What then is the undetected block error probability of this
code? We will upper-bound it as the probability of an unde-
tected double error plus the probability of all quadruple (or
higher) errors. We can ignore triple errors because they are of
odd weight, hence detectable. The probability of a particular
double error is

p? (1 - p)*798

o>
1]

b =19174% 10713

There are 3462 double errors which are codewords, so the
probability of an undetected double error is 3462 times b. or
3.176 X 1677,

We can upper-bound the probability of quadruple or higher
errors in the independent-error case by the probahlity of
quadruple errors alone. because p is so small. This can be made
quantitative using the *'tail estimate™ for the binomial distribu-
tion (Ref. 5, App. [A.5]. p. 467). but we omit it. The prob-
ability of quadruple error is (4800 X +799 X 4798 X 4797)/24
times p* (1 - p)“"(‘ = 1.868 X 107!! Adding the previously
derived probability of undetected double error. we find that
an upper bound to the undetected block error probability
when using the NASCOM 22-bit polynomial with indz-
pendent errors is

3.195% 1077

This more than meets the undetected block error probability
requirements.

IV. Arbitrary Error Structure

Now suppose we know nothing of the error patterns, just
that one block in 200 contains at least one detected error.
This is almost the same as one block in 200 containing an
error, detected or not, and it is this that we shall actually
assume. Let us even assume, as the worst case, that every
block with an error contains at least two errors. In fact, a
little thought shows that the worst case is when all the errors
are double errors. This is essentially because higher error
patterns are so numerous that they tend to distribute them-
selves randomly with respect to the code. Thus, approxi-
mately 2722 = 2.5 X 1077 of the higher error patterns can be
expected to be codewords. What is the exact fraction for
double errors?

There are (4800 X 4799)/2 =1.152 X 107 error patterns of

weight 2, but, as we have seen in Sec. 11, only 3462 codewords
of weight 2. If we assume, as we do, that all error patterns of

> ey - -~ . S~ .
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a given weight. 1n particular of weight 2, are equally likely to
occur, the probability that a double error pattern is a code-
word is

3462/1.152X 107 = 3.006 X 1074

This is almost 1261 tumes as large as the 2722 probability we
would get if double error patterns distributed themselves
randomly with respect to the entire code.

The probability of undetected error in these strange circum-
stances can be found as follows. We start with 1/200, the
probability that there is at least one (and so. by our assump-
tions. exactly two) errors in the block. We multiply this by
the probability that the error pattern is a codeword and.
hence, 1s undetected. Thus, the undetected block error prob-
ability is

1

-4 - -6

200 X 3.006 X 1077 = 1.503X 10

This slightly exceeds the 107% undetected block error piob-
ability requirement. However, the assumptions under which
we derived this high error probability are so extreme that we
can consider that we do meet the 107° requirement. For
example. if half the blocks in error contain a single error
(which 15, of course, detected) and half contamn a double
error, the above estimate drops by a factor of 2 t0 7.5 X 1077,
and the requirement is met.

We testate here that if we monitor the links to make sure
we are getting the 99.5% throughput, then we will also be
confirming the 107° or less undetected block-error probability
as well. The GCF with error detection by the NASCOM
22-bit polynomial is compatible with the extremely low
undetected GCF block error probabilities that some missions
may want in the packet era.
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Earth Orientation Effects on Mobile VLBI Baselines

S. L. Alten
Tracking Systems and Applications Section

Improvements in data quality for the Mobile VILBI systems have placed higher accu-
racy requirements on earth orientation calibrations. Errors in these calibrations may give
rise to systematic effects in the nonlength components of the baselines. In this work,
various sources of earth orientation data were investigated for calibration of Mobile V1Bl
baselines. Significant differences in quality were found between the several available
sources of UT1-UTC. The JPL Kalman-filtered space-technology data were found to be at
least as good as any other and adequate to the needs of current Mobile VI.BI systems and
observing plans. For polar motion, the values from all services suffice. In addition, the
effect uf earth-orientation errors on the accuracy of differenced baselines (1.e., baselines
between Mobile VLBI sites which were not simultaneously occupied) was investigated.
This effect was found to be negligible for the current mobile systems and observing plan

|. Introduction

The Mobile VLBI systems developed at JPL! have been
producing high quality data since the beginning of 1980
(Ref. 1). Hardware upgrades made during this interval include
conversion to wideband receivers, the Mark I1I data acquisition
system, and dual (S- and X-band) frequency capability. These
maprovements have resulted in single measurements of baseline
length with formal errors of less than 1 ¢cm and repeatability of
1to2cm,

To achieve similar accuracy in the measurement of non-
length components requires an additional calibration. This is
due to the fact that the VLBI technique provides a very accu-
rate measurement of the baseline within the reference frame of
the quasi-stellar radio sources (Ref. 2). However, measurement

lAllen. S. L., etal., “Current Mobile VLBI Data Base,” Submitted to

the NASA Crustal Dynamics Data Information System, Goddard
Space Flight Center, Greenbelt, Maryland, May 1984.
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of the various components of these baselines in an earth-fixed
frame requires very precise knowledge of the onentation of
the earth in space.

Il. Earth Orientation Calibration of
Baselines

By using a worldwide network of VLBI stations located in
regions where local earth motion is not common, it would be
possible to estimate the baselines and the earth orientation
parameters from the same data set (Ref. ) However, the
Mobile VLBI baselines do not satisfy eiti.  of these criteria
since they are measured between stations on the western
U.S. coast. Furthermore, solving for earth orientation in an
absolute sense requires placing some kind of constraint or
model on the motion of the baselines. This risks the contami-
nation of earth motions by imposing a possibly incorrect
model. Thus, it is necessary to use an external source for the
values of UT1-UTC and polar motion (UTPM).

- . - -
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A. Services Providing Earth Orientation Data

In order to calibrate the Motile VLBI data it is desirable
to have a self-consistent, high-precision UTPM data set which
spans the entire history of the mobile experiments. The
highest precision techniques for measuring UTPM are lunar
laser ranging (LLR) and VLBI Such measurements are pres-
ently carried out by several independent groups. Unfortu-
nately, neither of these techniques has a complete data span
overlapping with Mobile VLBI. It is necessary to use UTPM
data from a service which combines the raw data from several
techniques. Four services provide such combined data: the
U.S. Navai Observatory, the International Time Bureau (BIH),
Dr. Robert W. King (MIT Combination Solution; Ref. 4),
and T.M. Eubanks (JPL Kalman-filtered space-technology
data; Ref. 5). In the present work the latter three types have
been applied to the Mobile VLBI data in order to evaluate
their usefulness in removing systematic trends.

Since a combination solution for UT and PM 1s typically
only as accurate as its input data, 1t is instructive to consider
the expected accuracies of several different services of UT and
PM. These figures are given in Table 1.

The values for the first three services are derived from past
performance (Refs. 4,5) The values of the last service are
predicted from a covariance analysis ( Ref. 6). These represent
the accuracy of UTPM measurements which can be expected
within the next two years.

The frequency of observation of the earth orientation ser-
vices is also of importance to the calculation of differenced
baselines. Astrometric UT and polar motion are derived from
many daily observations of lower precision than LLR or VLBIL.
Although the frequency of these observations is greater than
that of LLR or VLBI, the smoothing which is required removes
much of the high-frequency signal. However, the relatively
quick data reduction of the astrometric data makes them avail-
able for services such as the BIH Circular D. VLBI makes high-
precision observations of UT and PM, but these are generally
obtained at intervals of one week. LLR comes closest to pro-
viding daily. high-precision values of earth orientation, but
even so, LLR cannot make observations for a week around
new moon. To recover a value of UT and PM at the epoch of
a Mobile VLBI experiement, it is necessary to interpolate or
filter.

For polar motion the interpolation can be done simply and
accurately because there are no large amplitude components
with frequencies less than 2 weeks. This is not the case for
UT1-UTC. Recent investigations indicate that even if UT
were perfectly measured at S-day intervals, the one-sigma
uncertainy in interpolating midway between the measured
points would be at least 0.5 ms (Ref. 7). As discussed in Sec-
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tion 11, this has implications for the computation of differ-
enced baselines. It requires appropriate deployment of mobile
units and the use of base stations to miimize differencing
errors.

B. Results of Earth-Orientation Calibrations

The most often measured Mobile VLBI baselines are those
between JPL in Pasadena, Calif., Owens Valley Radio Observa-
tory (OVRO), near Lone Pine. Calif., and DSS-13, at the
NASA Goldstone complex (the JOG triangle). The baselines
vary in length from 171 km to 336 km. There are also many
measurements of the Owens Valley to Ft. Davis, Texas
(HRAS) baseline. This baseline is 1508-km long; thus, its
sensitivity to rotations is a factor of 5 greater than any JOG
baseline.

Deficiencies in UTPM calibration show up as scatter in the
nonlength components between one experiment solution and
another. On these relatively short, regional baselines, the verti-
cal direction is nearly coincident for each station. This allows
nonlength error sources to be relatively easily separated into
two perpendicular components. transverse and vertical.

The scatier of points in the vertical direction is caused by
unmodeled day-to-day changes in the tropospheric path delay.
The uncertainties in the troposphere calibration commonly
cause 10-cm variations in the baseline vertical component. This
effect is larger than the deficiencies in UTPM, and it masks
any rotations along this direction. Fortunately, the transverse
baseline components are not affected by any large systematic
errors except UTPM; they provide a sensitive probe of UTPM.

The Mobile VLBI data for the JOG triangle are presented
with three different calibrations in Figs. 1. 2 and 3. These are
plots of the transverse component of the baseline vs experi-
ment date. For each plot, the RMS deviation from a fitted line
and the chi-squared per degree of freedom are given.

With the BIH Circular D values of UT1-UTC, the points
which are closely spaced in time cluster quite well. These
closely spaced points were obtained during the same mobile
field exercise or “burst.” However, from one cluster to another,
shifts in the transverse component are evident. These shifts are
especially noticeable on the OVRO/DSS-13 baseline. The
other UT1.UTC series greatly reduces the shift from one
mobile burst to another.

Figure 4 contains a similar comparison plot for the OVRO/
HRAS baseline. The effect of deficiencies in UTPM is much
greater on this baseline. The first two points in this baseline
are known to contain systematic errors unrelated to UTPM.
(These points are labelled H and |, and they are unimportant
to this discussion.) Again, on this baseline the transverse
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scatter is reduced by using the MIT and JPL values of
UT1-UTC.

Figure 5 presents the OVRO/HRAS baseline in another
form. The ellipses are the projection onto the transverse-
vertical plane of the 3-D error ellipsoids obtained from each
solution. Since this plane is perpendicular to the baseline,
rotations of the baseline naturally show up as deflections on
the plot. Of course, vertical deflections may also be caused
by troposphere calibration errors. The inset vectors in each
plot show the magnitude and direction of typical displace-
ments caused by variations in UTPM. Point C in the JPL plot
(Fig. 5[b]) has a very large uncertainty in UT1-UTC due to
gaps 1n the Kalman filter's mnput data. The BIH Circular D
calibration is not shown because its scatter exceeds the bound-
aries of this plot.

From Figs. 1, 2, and 3 it is clear that the MIT and JPL
UT 1-UTC values give less scatter than the BIH Circular D. The
two series produce results which are comparable in transverse
scatter. The JPL Kalman-filtered space data produce a slightly
narrower vertical column of ellipses in Fig. 5(b); however,
further data will be required to draw definite conclusions
about the relative merits of the JPL and MIT combination
solutions.

A similar investigation was carried out on these data using
various sources of polar motion. In no case was the result of
one polar motion calibration significantly better than any
other. More data. preferably with longer baselines, will be
required before Mobile VLBI data can be used to make a
significant evaluation of polar motion data services. For pres-
ent purposes, BIH Circular D suffices for the calibration of
polar motion.

lil. Differenced Baselines

A differenced baseline is defined as a baseline between two
mobile VLBI sites which were not occupied simultaneously.
Unlike the simultaneously measured “direct” baselines, the
length of a differenced baseline can be affected by deficiencies
in UTPM calibration. Doubt regarding the size of this error and
the model necessary to best remove the error has prevented
the report of any differenced baselines before this time. The
capability of producing differenced baselines would greatly
increase the data yield of Mobile VLBI experiments, and it
would permit a rethinking of the deployment strategy for the
Mobile VLBI units.

A. Error Sources

Typically, a differenced baseline would be formed from
two separate solutions involving VLBI networks operated on
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different days. The mobile sites would not be the same for the
two experiments. but at least one of the base stations would
be identical. Differenced baselines would be trivial to compute
given two assumptions: first, that no crustal motion occurs
during the interval between occupations of the different sites;
second, the earth orientation is known exactly for the occupa-
tions. The calculation would simply involve taking the differ-
ence of the vectors to each of the sites (hence the term “differ-
enced baseline”) and adding the covarniance matrices to com-
pute the errors.

The possibility of actual motion of the sites between occu-
pations degrades the accuracy of a differenced baseline. Hence,
we restrict calculation of differenced baselines to occupations
in the same burst, with the maximum invervals between occu-
pations of the endpoints of a differenced baseline being about
3 weeks. Even a baseline moving 6 cm per year would only
move 5 mm in 3 weeks. and most measured baselines appear to
be changing by less than 2 cm per year. Barring earthquakes.
the uncertainty 1n the troposphere and ocean-loading correc-
tions is larger than this motion; hence, earth motion will be
ignored here. Errors in earth orientation for the two days
would cause a misalignment of the two networks. More pre-
cisely. the solution on each day would be expressed in a dif-
ferent, slightly rotated coordinate system. This would cause a
systematic error 1n a differenced baseline produced from these
solutions.

B. Computation and Error Modeling

The geometry involved 1n the computation of a differenced
baseline 1s depicted in Fig. 6 Figure 6(a) shows a scenario
with one base station and a mobile station which occupies
two sites on two different days. The uncertainty in the source
of earth orientation on each day 1s represented as an error arc
perpendicular to the baseline from base station to mobile site.
The differenced baseline receives error contribution from each
mobile site. Figure 6(b) depicts the geometry of a three-base-
station experiment. All three base stations are active on both
observing days. and the mobile moves from one site to
another. In this case the base-station network can be used
1o solve for the difference in earth-orientation parameters
between the two days. using the values obtained from an earth
orientation service as @ priori information. Only the baseline
from each mobile s.te to the nearest base station 1s shown,
though all are measured. This is done in order to emphasize
that when earth orientation is not known exactly, the shortest
baseline to the mobile units serves as the tightest constraint on
their positions.

The results of a differenced baseline calculation should be

independent of the choice of reference station in the solution.
Figure 6(c) shows another three-base-station scenario where
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both mobile sites are closest to the same base station. If the
correlations between all stations were not included. then
choosing different reference stations would produce different
error estimates for the diffcrenced baseline. This would be
physically unreasonable. JPL's multiparameter least-squares
fitting program MASTERFIT (Ref. 8) does handle all correla-
tions properly: differenced baselines produced by MASTER.-
FIT are independent of the choice of reference station.

The results of a differenced baseline calculation should also
be independent of arbitrary choices used to define UT and PM.
Consider the effect in Fig. 6(a) if day 1 of the burst were
chosen to have UT and PM fixed with zero error. Since the
baseline on day 2 is much longer than the baseline on day 1,
1its uncertainty is much larger. Although the post-fit error in
the length of the differenced baseline is the same with either
day chosen as reference, the error in the transverse compo-
nent is much larger if day 1 is fixed. This is also a nonphysical
result caused by the assumption of perfect knowledge of the
coordinate system on a particular day.

The correct strategy for producing post-fit errors which are
not dependent on arbitrary choices of a reference day is as fol-
lows. Assume that earth-orientation services provide values
which are correct but lacking in the high-frequency compo-
nents (i.e., periods of less than ~5 days). Thus, the data from
consecutive experiments with common base stations can still
be quite useful for tracking the day-to-day differences which
were not resolved by the UTPM service. For each experiment
set UT and PM to the values from the service, and assign
a priori constraints equal to the errors quoted by the service. If
possible, the day-to-day correlations of the UTPM values
should also be used. This will force the post-fit values of earth
orientation to agree in the mean with the service supplying
UT and PM, but it will also allow the VLBI data to adjust
the differences between one day and the next in order to
remove musalignment of the networks. This use of both
a priori .ad VLBI data correctly utilizes the available informa-
tion, and it is simple to implement :n MASTERFIT.

C. Estimated Errors

The errors which may be expected ou differenced base-
lines are described below. These errors were calculated using
the assumption thai an individual baseline is measured with
an uncertainty of 2 c¢m in its length and transverse compo-
nents and 9 cm in the vertical component. The values of the
earth-orientation services’ uncertainties were set a priori to the
values given in Table 1 and constrained using the VLBI net-
work to determine the post-fit uncertainty in UT and PM.
These uncertainties were propagated to the motbile stations
along the shortest baseline from mobile to base station.
Although this is not a full covariance analysis, it serves to set
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upper limits on the errors which will be encountered when
actually reducing data.

The tables and figures give the estimated errors in the
“rational” coordinate system (in whici: the principle axes are
along the baseline length, vertical, and transverse directions)
for various arrangements of base stations and mobile sites.
Note that when there are three or more base stations, the
VLBI data alone are sufficient in principle to determine earth
orientation. However, due to the large vertical uncertainties
on the baselines caused by troposphere. the earth-orientation
value obtained from a service always serves as the tighter con-
straint in the vertical direction.

The additional error accrued quadratically to a differenced
baseline due to UT and PM uncertainties is given in Tables 2
through 5. Table 2 details the effects when four base stations
are operated on both days of the experiment, including the
antenna in Ft. Davis, Texas (HRAS). This network allows for
very precise determination of earth-orientation differences
using the Mobile VLBI data. The additional errors are tabu-
lated for several baselines in California using a priori errors for
UT and PM from the various services described above. These
errors are expressed in the rational coordinate system of com-
ponents: the length. the component transverse to length, the
vertical component. and the root sum of squares of all three
components.

Table 3 gives the same figures when calculated without the
prescnce of HRAS, and Tables 4 and 5 reduce the number of
base stations to 2 and 1, respectively. It is clear that the pres-
ence of more and longer base-station baselines reduces the
amount of error due to uncertainty in earth orientation. Plots
of these errors are given in Figs. 7, 8, and 9 for a cross section
of the data in the tables.

The interpretation of these tables and plots must be made
with the understanding that this is the extra error due only to
UT and PM uncertainty. These must be combined with the
other errors inherent in the VLBI system to produce the full
error. Figures 9 and 10 illustrate this point. Figure 9 shows the
worst tabulated case of differenced baseline error. There is
only one reference station (OVRO). Figure 10 shows the very
same errors with a VLBI system noise of 2 cm in the length
and transverse added. Only in the case of the astrometric UT
and PM is there a significant degradation of accuracy for the
differenced baseline.

Thus, differenced baselines within California do not suffer
significant degradation due to uncertainties in earth orienta-
tion. However, the above analysis should not be taken to mean
that only one base station is sufficient for the calculation of
differenced baselines. It is very important that there be a base
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station relatively near the mobile loocations; e.g., a base station
in Massachusetts with mobile units in California gives very
large errors for a differenced baseline.

When more than one mobile unit is available and base sta-
tions are nearby, each mobile unit can move between each
experiment. In the simple case of one base station and two
mobule stations, differencing increases the number of base-
lines produced per burst of n site occupations from 3n to
(n + 1) (n +2)/2. When base stations are far away, two mobile
units can work together to serve as base stations for each
other. In this case each mobile unit remains at each site for 2
experiments while the other moves. Each extra base station
serves to decrease the VLBI system noise by providing more
data. More importantly, redundancy in the base stations helps
prevent errors such as those which can be seen in Figs. 11
and 12.

The February 1983 burst provided an opportunity to cal-
culate differenced baselines using real data. Experiments
H83A and H83B shared the base stations OVRO, JPL, and
Vandenberg. MV3 occupied Pearblossom and Pinyon Flat on
the two days, respectively. These experiments allowed for a
solution of a differenced baseline using MASTERFIT. Fig-
ure 11 shows the results of the solution when all three base
stations were used and when only pairs of the base stations
were used. All of the solutions agree, although the solution
with all three base stations has slightly smaller errors. Fig-
ure 12 shows the same experiment when only one base sta-
tion is used as a reference. The JPL-and-OVRO-only solutions

LY.
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still agree well with the full network solution; however, the
Vandenberg-only solution differs by several sigma.

IV. Conclusion

For Mobile VLBI baselines with lengths less than 1000 km,
it now 1s possible to remove all significant errors caused by
uncertainties in earth orientation. This can be achieved using
either the JPL or MIT combination solutions. The continued
efforts to develop VLBI and laser systems .ur UTPM measure-
ment should insure that this high accuracy is improved in the
future. Thus, for regionai work, earth orientation will no
longer pose a problem, at least until other system errors are
reduced below a level of 1 cm.

The occasionally measured longer baselines from the
Mobile VLBI systems will continue to serve as indicators by
which UTPM data sets can be evaluated. Calibration of the
long baseline data will provide information on the systematic
errors remaining in the UTPM combinations.

The computation of differenced baselines is a simple and
natural way to take full advantage of the data produced by the
Mobile VLBI project. Their inclusion approximately doubles
the number of basehines produced under the current deploy-
ment plan. The additional error encountered on these differ-
enced baselines will usually be small in comparison to the
other errors in the VLBI error budget. The base-station base-
lines are also enhanced by the inclusion of more data into a
single coherent solution.
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Table 1. Typical srrors for various sources of UT and PM

Source
Earth Lunar Laser 3 Station
Orientation Astrometric Ranging VLBI *“Super” LLR
Component (LLR) (Predicted)
o UTL, ms 1.25 0.4 03 0.07
o PMX, marcsec 7 7 3 20
o PMY, marcsec 7 5 7 15

Table 2. Difterenced baseline error: Additional error (in cm) for differenced baselines due to UT

and PM OVRO, Mojave, Vandenberg, and HRAS as fixed bese stations

Source ot arth Onientation

Baseltne Astrometric LLR V1Bl “Super” LLR

oL =012 oL = 010 oL =011 ol =006

ol = 04! ol =037 ol =037 ol =025

Monument Peak - Quingy oV - 138 sV = 106 SV =132 oV = 033
RSS = 145 RSS = 113 RSS = 128 RSS = 042

oL =016 al =018 oL = 016 ol =010

Pt Reves - Yu al = 046 aT = 04l al = 042 oT =029
eyer - Tumd sV = 1589 oV = 121 oV =122 oV = 035
RSS = 166 RSS =129 RSS = 1.30 RSS = 0.46

ol = 0.08 oL =007 oLl =007 oL =008

Sta Paula - Peardl ol =014 oT =013 oT =014 ol = 0.09
a aula arolossom u\' = 063 UV - 048 oV = 037 UV . 013
RSS = 0.65 RSs 050 RSS = 040 RSS = 0.i6
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Tabile 3. Differenced baseiine error: Additional error (in cm) for differenced baselines due to UT
and PM OVRO, Mojave, Vandenberg used as fixed base stations

Source ot § arth Orentation

Baseline Astrometrie LLR V0Bl “Super”™ LLR

ol =030 al = 024 gl =021 al =008

- al = 145 oT = 108 ol = 084 ol =036

Monument Peak - Quincy oV = 193 aV =120 gV o= 144 aV = 433
RSS = 243 RSS = 163 RSS = 168 RSS - (.50

ol =049 ol = 041 ol =033 al =014

Pt. Rey Yum; oT =162 oT =124 oT =096 al = 041
1 Reyes = Tuma oV = 290 oV = 5] oV = 149 sV =036
RSS = 3.36 RSS = 200 RSS = 180 RSS = 0 §7

ol =027 ol =021 vl =016 ol =007

aT = 0.51 oT = 040 aT =031 ol =013

Sta. Paula - Pearblossom oV = 101 oV = 057 gV = 042 oV =014
RSS = 117 RSS = 072 RSS = 055 RSS = 0 20

Table 4. Differenced baseline error: Additional error (in cm) for differenced baselines due to UT
and PM Mojeve and Vandenberg used ss flzed base stations

Scurce ot Farth Qnientation

Buaseline Astrometric LIR VLBI “Super” LLR
al =113 gt =073 al. =082 ol =021
) ol =287 a7 - 166 al =121 al = 048
Monument Peak - Quincy oV = 226 oV = 174 sV - 202 oV = 0§)
RSS = 2ol RSS = 251 RSS = 241 RSS - 073
gL =09] ol =058 ol - 04] ol =017
. oT = 223 al = 137 al = 106 ul 043
Pt Reyex - Yuma oV = 26l oV = 146 aV =179 aV = 040
RSS = 35§ RSS = 2.15 KSS - 212 RSS = 061
ol =037 sl =024 oL = 018 ol =007
al =069 oT = 047 ol =134 vl -014

Sta Paula - Pearblu, !
Sta Paula - Pearbluwsom GV o= 112 GV =087 oV = 043 oV = 014
RSS = 1.37 RSS = 077 RSS = 057 RS - 021
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Table 5. Ditferenced bagelins error: Additional error (in cm) for differenced baselines due to UT

L

ORIGIMA

oF POOK Gua=

and PM OVRO 30 used as fixed base station

Source of Earth Orientation

Baseline Astrometric LLR VLBI “Super” LLR

ol =049 oL =027 oL =022 ol = 0.07

. cT = 381 oT =196 oT = 1.33 aT = 0.51

MonumentPeak -Quincy [\ _ 595 ,v =162 ¥ =203 oV =046
RSS = 4.82 RSS = 2.56 RSS = 2.44 RSS = 0.69

ol =123 oL = 0.69 oL = 0.50 oL =019

Pt. Reyes - Yuma T =414 oT = 2.17 oT = 146 aT = 0.56
thatd oV = 453 oV = 1.96 oV = 2.14 oV = 049
RSS = 6.26 RSS = 3.00 RSS = 2.64 RSS = 0.77

ol = 2.57 oL =1.33 oL =091 ol = 0.34

Sta. Paula - Pearblossom oT = 0.64 aT = 0.34 oT =0.22 oT = 0.09
) oV = 158 gV = 1.20 oV = 1.33 oV = (0.35
RSS = 3.08 RSS = 1.82 RSS = 1.62 RSS = 0.50
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Fig. 8. Geometry of differenced baselines: () one

BASE STATION

MOBILE STATION

BASELINE MEASURED ON DAY 1
BASELINE MEASURED ON DAY 2
OIFFERENCED BASELINE

base station, one mobile

station; (b) three base stations, two mobiie stations, long, differenced base-
line; (c) three base stations, two mobiie stations, short, differenced baseline
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Fig. 7. Additional error from UT and PM, Monument Peak/Quincy
baseiine; errors with astrometric data and various base station
groups
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Fig. 8. Additional error from UT and PM, Pt. Reyes/Yuma bassline;
errors with LLR data and various base station groups
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Fig. 9. Additional error from UT and PM, Monument Peek/Quincy
baseline; errors with only OVRO 130 as bese station and various
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Fig. 10. Total differenced beseline error, Monument Peek/Quincy
baseline; errors with only OVRO 130 as base station and various
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TDA Progress Report 42-78

Agni—June 1984

Mojave Base Station Implementation

C. G. Koscieiski
Mission Support and Operations Division

A 12.2 meter (40 ft.) diameter X —Y mount antenna has been reconditioned for use by
the Crustal Dynamics Project as a fixed base station. System capabilities and characteris-
tics are presented, as well as key performance parameters for subsystems. The implemen-
tation is complete and transfer to National Geodetic Survey/National Oceanic and Atmo-
spheric Administration (NGS/NOAA ) is under way.

l. Introduction

Since the late 1960’s, NASA has been using space technol-
ogy to develup new methods for making geodetic measure-
ments over large areas with high precision, high mobility, and
mimimum observation tune. One of these technologies is
microwave Very Long Baseline Interferometry (VLBI), which
uses extragalactic radio sources (quasars) as measurement
reference points (Ref 1).

VLBI is used by NASA's Deep Space Network in the
navigation of interplanetary spacecraft (Ref. 2). Its application
to mobile geodetic systems is being accomplished with the
collaboration of the radio astronomy community.

A VLBI geodetic system consists of a pair of radio tele-
scopes at separate locations. Quasars emit large amounts of
intense microwave radiation. The two stations simultaneously
receive and record these random quasar signals, which arrnve
slightly sooner at one of the antennas, depending on which sta-
tion is closer to the radio wave front. By using ultraprecise
atomic clocks, it is possible to measure the slight difference in
the signal arrival times. The time difference and the pointing
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angles of the two anternas are used geometrically to determine
the baseline distance between the two stations (Ref. 3).

If one of the stations is mobile, it can be positioned on the
opposite side of an earthquake fault from a fixed station, and
measurements can be made over a period of time. Such mea-
surements can determine changes in the baseline in all three
dimensions (longitude, latitude, and elevation) with sub-
decimeter precision (Ref. 4).

The Mojave Base Station is the newest fixed station to join
the network of fixed and mobile antennas. The 12.2 meter
X-Y mount antenna was built in 1962 to support the Relay |
communication satellite,. The facility, operated by the
Goddard Space Flight Center (GSFC), along with 7 other X--Y
type meter antennas located around the globe, formed the
Data Acquisition Facility Network. These stations were a pro-
totype of modern satellite “earth stations.” In 1976, after pro-
gram completion, the station was placed in standby status by
GSFC.

As early as 1978, JPL recognized the need for a dedicated
VLBI base station facility at Goldstone. The Venus station had
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served as the original base station, but many other commit-
ments of the station caused serious schedule conflicts with the
Crustal Dynamics Project (CDP) requirements. An agreement
was reached within NASA which provided for transfer of the
12.2 meter antenna and the 12.000 square foot control build-
ing to the CDP,

Il. System Requirements

A study team of JPL and GSFC engineers was formed to
establish system requirements. See Table 1 for key system re-
quirements. See Fig. 1 for a Mojave Base Station detail block
diagram.

lil. Implementation Plan

The Bendix Field Engineering Corporation (BFEC) of
Columbia, MD. was contracted to plan and carry out the
rehabilitation of the antenna and the control building. A
detailed study was completed in December 1980 which calied
for sandblasting and painting the antenna and modifying and
repainting a portion of the control building. The antenna work
included stripping old cables and equipment from the antenna
and removing the hydraulic subsystem which was no longer
required. The antenna RF cassegrain housing was also
removed.

The design of the antenna dish surface does not allow for
alignment of the surface tolerance, but the surface accuracy
was measured at £0.020 inches RMS as set by the original
manufacturer.

Antenna bearings and gears were inspected and lubricated
The orthogonality of the X and Y axes was checked. The align-
ment of the X axis, parallel to the North- South meridian, was
found to be in error by 30 arc minutes. It was determined that
this error could be accommodated by the antenna pointing
software. Therefore. no attempt was made to realign the X
axis.

Implementat:on of antenna electronic equipment began 1n
November 1982 and continued into the Spring of 1983.

The Receiver RF feed focus assembly was installed, tl.c
antenna electric drive servo motors and electronics were
installed and the antenna position encoder assemblies were
installed along with antenna position limit hardware. All asso-
ciated cables were installed on the antenna and between the
antenna and control room.

After completion of rehabilitation of the control building
in December 1982, the installation of electronic equipment

Tt 0 Pt T o B

racks hcgan. The antenna controller, Hydrogen Maser fre-
quency standard, Mark [ data acquisition terminal, and
Hewlett-Packzrd 1000 computer were installed and cabled.

IV. Control Building Rehabilitation

The mam control building. M-8, on the Mojave Site was
selected as the building to house the electronic equipment for
the VLBI system. The building had heen vacant or used for
storage since 1976, when 1t was last used to support the ATS-6
satellite. Aside from airt which had collected over the ensuing
6 ycars, the building was in good condition. The fire protec-
tion system had been maintained regularly, the air-conditioning
was operable and plumbing was functional,

Modifications to the air-conditioning were contracted to a
local vendor. Air ducts to unused areas were blocked and a
bypass was installed to reduce the air flow through the system.
These changes were made to reduce energy usage. The system
was balanced and tested: temperature varies +3 degrees F over
a 24 hour period. The electric power distribution system was
modified to meet the system requirements. Power meters were
added to monitor the utility, technical and antenna buses. All
rehabilitation work was ccmpleted by February 1983 and the
building was occupied at that time.

V. Electronic Equipment

The electronic equipment for the VLBI system was pro-
vided by GSFC. Several commercial vendors and Haystack
Radio Ohservatory were responsible for the fabrication of
various subsystems. The equipment was installed by a team of
JPL, contractor, and GSFC personnel.

A. Microwave and Receiver

The Microwave and Peceiver Assemblies, along with the
phase calibration equipment, are located in a single housing
and mounted on the Quadripod Structure of the antenna
parabolic dish. The Monitor and Control Assembly monitors
microwave and receiver functions and controls operation. Key
charactenistics of the Microwave and Receiver Assembly are
shown in Table 2.

B. Data Acquisition Terminal

The Mark 111 VLBI Data Acquisition Terminal (DAT) is an
integrated computer-controlled electronics/recording system
which takes a broadband analog L.F. signal, converts selected
frequency windows to video (baseband), separately clips, sam-
ples and formats each video signal, and records the resulting
time-tagged Mark Il seri. data streams in parallel on magnetic
tape. The DAT includes the control computer and necessary
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communication systems for complete computer control. Phase
and cable calibration, data storage. tape read after write and
reference frequency distribution facilities are included in the
DAT. See Reference S for a detailed explanation of the Mark
I DAT.

C. Frequency and Timing

A Hydrogen Maser frequency standard and clock assembly
have been manufactured by the Applied Physics Laboratory of
Johns Hopkins University in Baltimore, Maryland. The maser,
Serial No. NR-7, embodies the latest technology. Frequency
stability requirements are <! X 10714 parts for time periods
>1 minute up to 1 day (24 hours).! The temperature envir-
onment of the unit 1s required to be stable within *3 de-
grees F. Measurement of the clock offset to a known standard
such as NBS is accomplished by the Goldstone Mobile timing
standard. The Hydrogen Maser subsystem supplies 5 MHz and
1 pps signals to other subsystems.

D. Monitor and Control

The Monitor and Contrcl Subsystem (MCS) consists of the
HP 1000 computer and software. The RS-232 ar, " 'FEE-488
conm munications interfaces provide a centr mtrol point
for “tation operation and the display of .ahion status and
ai nanesseyes The monitor and control subsystem performs
the ‘cliowing tunctions:

(1) Provides a central control point for the station

(2) Provides schedule input via tloppy disk

(3) Prepares the anciliary data rec. -d

(4) Provides operator input-output and command via
CRT terminal

(5) Generates antenna pointing commands

(6) Monitors subsystem performance

E. Water Vapor Radiometer

The Water Vapor Radiometer provides the sky apparent
brightness temperature, which is used to calibrate delays due
to water vapor content along the ray path from the radio
source to the receiver. A thorough discussion of Water Vapor
Kadiomater requirements is provided in Reference 4.

F. Antenna Pointing Control and Drive

The antenna pointing subsystem is comprised of several
units mounted in various locations throughout the antenna
structure and control room,

!Chiu, M., personal communication, January 1983.
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1. Antenna Control Unit (ACU). The central assembly of
the subsystem is the ACU which houses all the electronics to
generate motor drnive commands in all modes of operation.
Motor commands are produced by the ACU as a result of
input commands from the front panel rate controls (manual
mode), the internal tracking routines (tracking mode), or the
position commands (position designate and manual modes).
The closed loop output of the ACU is a low voltage analog
signal proportional to the antenna position error for each axis.
The X and Y axis motor controllers provide the interface
between the command output of the antenna control unit and
the high current requirements of the antenna drive electric
motors.

2. Antenna interlocks. Antenna protection and personnel
safety are accomplished by the use of travel limiting switches
and safety interlocks located at critical positions throughout
the antenna.

3. Angular Position Unit (APU). The angular position of
the antenna is reported by the use of optical position
encoder—transducers mounted on each axis and an interface—
decoder within the ACU. The tiansducer outputs Gray code
which the ACU converts into binary digits. The binary posi-
tion information is used in all tracking maodes.

Table 3 provides key chaacteristics »f the Antenna Control
Subsystem.

G. Meteorology Data

The Meteorology Data Subsysiem (MDS) provides data
which aids in the analysis of VLBI data. The atmospheric con-
ditions at a VLBI station present a source of error in measure-
ments which can be removed in final data processing.

Functions of the Meteorology Data Subsystem are to:
(1) Measure outside air temperature,

(2) Measure atmospheric pressure.

(3) Measure relative humidity.

(4) Record meteorology parameters on the MCS.

Table 4 presents the key characteristics of the MDS.

VI. System Tests

After installation of equipment and initial power-up tests,
system tests were performed to verify system operation. Tests

were performed in the following functional areas:

(1) Receiver—Mark Il Terminal Checkout

- -
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(2) Antenna Pomting Tests

(3) S and X-band Performance Tests

A. Receiver and Mark lll Terminal

Except for initial cool-down problems with the cryogeni-
cally cooled GaAs--FET Low Noise Amplifiers, receiver tests
were completed without trouble. Compatibility of the receiver
unit which was fabricated at Haystack Radio Observatory and
the air-cooler unit fabricated by a locel vendor in Barstow, was
a challenge. After minor difficulties, the unit operated and
temperature tests indicated proper operation was obtained.
Performance results are shown in Table 2.

B. Determination of Pointing Corrections

An antenna must be accurately pointed at quasi-stellar
radio noise sources for successful VLBI experiments. Most
pointing errors are caused by imperfections of the mechanical
structure of the antenna and mounting of the RF feed
assembly.

D. B. Shaffer? of Interferometncs, Inc., provided a method-
ology for determining pointing corrections. The procedure
describes some of the considerations for good pointing deter-
minations, contains a list of the best sources to be used for
pointing observations and gives some suggested observing
plans. Pointing accuracy of the 12.2 meter antenna was deter-
mined by Shaffer to be .02 degrees at X-band. Perfermance
results are shown in Table 3.

C. S- and X-Band Performance

During June 1983 RF performance of the 12.2 meter
(40 foot) antenna was determined. Aperture efficiency and
systemn temperature were measured by tracking radio star noise

2Shal't'er. D. B., personal communication, September 1983.

...

sources (see Table 5). Cbservations were performed with two
different frout-end configurations: one configuration included
uncooled amplifiers, while the other configuration used cooled
GaAs- FET amplifiers.3

VIl. Activities

The Mojave Base Station (MBS) began VLBI observations in
support of the Crustal Dynamics Project in June of 1983 and
since then has participated in each observation session with the
mobile vehicle antennas. The MBS has participated in several
other special observations including the first baseline measure-
ments between the VLBI station at Kashima, Jopan and the
u.s.

The original NASA Crustal Dynamics Project plan called for
NASA to transfer a dedicated base station to the National
Geodetic Survey/NOAA Branch of the Department of Com-
merce. The transfer of the Mojave Base Station will take place
in 1984. GSFC is responsible for the transfer, but JPL has the
task of operating the facility until transfer and of assisting
GSFC with the transfer. Actual station operation is performed
by Bendix Field Engineering Corporation personnel.

The Mobile Vehicle (MV) stations will also be transferred to
NOAA as planned beginning in 1984 with the transfer of the
S-meter MV-3 antenna and electronic trailer van. The 4-meter
(MV-2) and 9-meter (MV-1) facilities will be transferred in
1955. MV 2 and 3 will be located and operated cut of the
Mojave Base Station. MV-1 is permanently located at
Vandenberg Air Force Base.

A depot level maintenance tacility has been located at the
Mojave Base Station to support the MV’s and to perform
special engineering and testing functions.

3Shaffer, D. B., persunal communication, August 1983.
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Table 1. Key systsm requirements

Simultaneous Reception Bands: §180-8580 MHz
2235-2335 MHz

RCP Both Bands

Operating System Temperature: 150°K max. (X-band)
100°K max. (S-band)
System Instantaneous Band'vidth (1 dB): 400 MHz (X-band)
1y0 MHz (5-bard)

Polarization:

IF Frequency: 100-500 MHz (X-band)
215-315 MHz (S-band)

Signal Cable Calibration: Measure Delay to 10 pico sec.
Data Acquisition Terminal: Mark 11l Compatible

Data Record Rate: 112 MB/s

Channels: 28

Antenna Blind Point Accuracy: 0.1 Antenna Beamwidth at X-band

Antenna Slew Rate: 1.0 degree/sec.
Frequency Standar2: Hydrogen Maser
Water Vapor Radiometer: 2 Frequencies

Meteorology: Measure Temperature, Humidity and

Barometric Pressure

o

Table 3. Antenna pointing control key characteristics

Prime Mover: Electric Drive Motors, 2.5 Horsepower, 2 Per Axis

Elevator Limits: >80° from Zenith in all Directions

Maximum Velocity: 1.0 degrees/second Both Axes

Pointing Accuracy: 0.02 degrees Both Axes

Angle Readout:

Accuracy

Resolution

0.01 degrees Both Axes
0.00275 degrees Both Axes

Table 4. Key characteristics of the Meteorology Data Subsystem

Table 2. Microwave and receiver key characteristics

Input Frequencies: X-band 8180-8580 MHz (-1 dB)
S-band 2210-2350 MHz (-1 dB)

Aperture Efficiency: > .45 X-band
> .47 S-band

Antenna Beamwidth' . 205 degrees, X-band
.745 degrees, S-band

System Temperature: 60°K X-band (Cooled FET)

(at Zenith) 72°K S-band (Cooled FET)
Intermediate Frequency: X-band
Bandwidth 400 MHz Wide at -1 dB

S-band 140 MHz Wide at -1 dB
Phase Calibration Input: =30 dB coupler

Wty

[

Mueasuie:
1. Temperature 1°Cc J
2. Relative Humidity 54 ’—
3 Barometric Pressure < | millibar 2
Readout Resolution 0.1 millibar
Measurement Accuracy 017
at Sea Level
L
Table 5. Aperture efficiency and system temperature
Cuoled ¢ ET
Tsy Aperture
Y s .
*® Efficiency
S-band 72 47
X-band 60 45
1 ]
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